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Awriliarv P r o ~ u l s i o n  Panel  
Ed  Jacobs ,  Chairman 

Gentlemen. 

Le t  m e  s t a r t  by pointing out that the Auxil iary Propulsion Pane l  covers  
both the Attitude Control System and the Orbi ta l  Maneuvering System. 
As you may  have noticed on Mr. Thomson's  funding char t ,  the 
Auxiliary Propulsion work has  been running approximately $5 million 
a year.  

During the  pas t  year  the p r imary  effort  on the Attitude Control Thrus te r  
work has  been devoted to developing the components such a s  the valves, 
ignition sy s t em and cooling concepts. In the coming year  the resu l t s  of 
these  p rograms  will be used to es tabl ish  a n  overai l  th rus te r  concept that  
will mee t  the Space Shuttle requirements.  

There  we re  four sys tem studies devoted to the definition of the Attitude 
Control System, two of which w e r e  high p r e s su re ;  that  i s ,  utilizing 
t h ru s t e r s  of ap'proximately 300 p s i  chamber  p r e s su re ,  and two low 
p r e s s u r e  sys tems;  that i s ,  utilizing t h ru s t e r s  of approximately 15  ps i  
chamber  p r e s su re .  Based on the r e su l t s  cP these  studies,  the high 
p r e s s u r e  sys tem has  been se lected fo r  fur ther  study. 

At  the p resen t  t ime  Requests  for  Proposa l s  a r e  being re leased  for the 
sys tem cr i t i ca l  components such a s  t u r b o p m p s ,  heat  exchangers,  gas  
generators ,  regula tors ,  and control  sys tems.  I t  i s  planned that these  
cr i t ica l  components will eventually be assembled  fo r  a breadboard sys tem 
t e s t  to demonstra te  the feasibil i ty of the system.  

There  is not yet much underway on the Orbital  Maneuvering System, but 
a Request  for  Proposa l  was  recent ly  r e l ea sed  to take a m o r e  in-depth 
look a t  th is  system. 

As  you will hea r  i n  papers  to be presented tomorrow, there  has a l so  
been a significant a m a n t  of work conducted in-house both a t  the -Manned 
Spacecraft  Center and h e r e  a t  the Marshal l  Space Flight  Center.  

And with that  brief  summary,  I would l ike  to p resen t  the f i r s t  speaker ,  
Mr. Ga ry  Falkenstein,  who will d iscuss  the work a t  Rocketdyne o n  
Hydrogen-Oxygen ACPS Engines. 
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HIGH PRESSURE APS ENGINE 

THRUST = 1 5 0 0  LBS 
CHAMBER PRESSURE = 3 0 0  P S I A  
NOZZLE EXPANSION RAT1 0 = 40: 1 

MIXTURE RATIO = 4.0 
INLET PRESSURE = 3 7 5  TO 4 0 0  P S I A  
INLET TEMPERATURE = 540 R I 







EVALUATIQX OF COOLING mNaPTS LED 'PT) THE GONGLUSTON THAT A C T I m  mGEQF71QWS \YERE: DESlRiGLE 

TO h E E T  THE UNLIhIITED DUTY CYCLE AND REUSE REQUIREMENTS, THT BURIED ENVELOPE TEMPERATURE O F  

- 

820F AND THE R E Q U I S I T E  L I F E .  FURTHER ANALYSIS AND DESIGN STUDY, I D E N T I F I E D  TWO DESIGNS A S  

MOST PROMISING.  THE HIGHER PERFORMANCE D E S I G N  U S E S  REGENERATIVE CHAMBER COOLING FROM AN 

EXPANSION RATIO O F  3 : l  SUPPLEMENTED BY A SMALL AMOUNT O F  F I L M  COOLING. THE NOZZLE IS  DUMP 

COOLED TO AN EXPANSION R A T I O  O F  1.8:l AND U T I L I Z E S  A F I L M  COOLED NOZZLE EXTENSIOX TO THE 40: l  

E X I T  PLANE. THE SECOND CONCEPT ACHIEVES A LOWER FUEL I N L E T  PRESSURE BY RUNNING THE CHAMBER 

COOLANT I N  PARALLEL WITH THE INJECTOR FUEL. THE COOLANT IS THEN DUMPED DIRECTLY INTO THE 

CHAIVBER A S  F I L M  COOLANT. NOZZLE COOLING IS IDENTICAL TO THE REGENERATIVE ENGINE. WITH THE 

NOZZLE F I L M  COOLANT CONSERVATIVELY (HIGH VALUE) S P E C I F I E D ,  THE CHAMBER MIX'I'URE RATIO IS 4.7 FOR 

AN OVERALL MIXTURE R A T I O  O F  4.0. 



275-813 

THRUST CHAMBER COOLING CONCEPTS 3-71 

TRANSPI RATION 





CHAMBER DESIGN ANALYSIS 
LI  FE-RELATED OPERAT ION 

BETA I L ANALY S I S 





CHAMBER DESIGN CRITERIA 

@ LOW STRA l N DES I GN 

LOW THERMAL GRAD IENTS 

H I GH MATER I A L  STRENGTH 

COMPONENT DES I GN 

INJECTOR 

@ LOW CHAMBER HEAT FLUX 

CHAMBER MATERIAL - 
NAR loy-Z LINER 

H I G H  CONDUCTIVITY 

H IGH STRENGTH 

CHAMBER DES IGM 

@ LOW OPERATING TEMP 



THE P R l M Y  OBJECTIVE OF INmC1"OK EFFORT VlAS TKC ACWIEWMENT O F  H I G H  PIERFORMAISm WITM AN I N J E C m R  

NLEE'TING TEE HEAT FLUX RCQUIREmNTS R E q U I R E D  FOR eF%AMBER LXm, T%fE: INJECTOR EVALUATION EFFORT WAS 

I N I T I A T E D  BY SCREENING POTENTIAL ELEMENT PATTERNS FOR A P P L I C A B I L I T Y  TO THE A P S  ENGINE. PARALLEL COLD 

FLOW T E S T S  FOR PERFORMANCE PO'KENTIAL AND DESIGN S T U D I E S  WERE USED TO SELECT THE TWO MOST PROMISING 

CONFIGURATIONS. THE CONCENTRIC TUBE PATTERN HAS BEEN USED DURING EARLIER GAS-GAS S T U D I E S  AND GAVE 

A 
0 + A IIIGtIER PERFORMANCE POTENTIAL AND HAS THE POTENTIAL O F  A MORE E A S I L Y  FABRICATED AND DURABLE DESIGN. 

FOIALO\VING A MORE DETAILED ELEMENT COLD FLOW EFFORT WHICH EMPHASIZED LOW HEAT FLUX WITH HIGH PERFORMANCE, 

THE TiVO INJECTOR TYPES WERE FABRICATED. HOT-FIRE TESTING SHOWED T ~ E  CONCENTRIC TUBE INJECTOR TO BE 

S U P E R I O R ,  REFLECTING ITS MORE MATURE DESIGN STATUS. THE CONCENTRIC TUBE INJECTOR WAS SHOWN TO G I V E  

THE DESIRED HIGH PERFORMANCE, YET HAVE THE LOW  AT nm CHARACTERISTICS REQUIRED FOR LONG CHAMBER LIFE. - -- - - 

AD;)ITIOIiAL T R I S L O T  INJECTOR DEVELOPMENT SHOULD B E  ACCOMPLISHED. 



1 N O T  R E P R O D U C I B L E  ! INJECTOR STUDIES 

T R  l SLOT CONCENTRIC  T U B E  

LOW CHAMBER H E A T  F L U X  
CHAMBER C O M P A T A B I L I T Y  

@ D U R A B I L I T Y  
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REGENERATIVE ENGINE INJECTOR 

PERFORMANCE 
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6 HIGH PERFORMANCE COMBUSTOR MIXTURE RATIO 

FILM COOLANT FLOWRATE, LB/SEC @ LOW CHAMBER HEAT FLUX 
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THE EXPERIMENTAL DATA WERE OBTAINED USING A FACILITY DESIGNED FOR HIGH RESPONSE GAS-GAS THRUSTERS. 

A 32 FOOT LONG BY 15 FOOT CAN CONTAINS THE HIGH PRESSURE TEST STAND AND A SIMILAR LOW PRESSURE 

TEST STAND USED TO ACCOMPLISH 15 P S I  THRUSTER EXPERIMENTAL WORK NOW TEltMINAIXD. THE GASEOUS FEED 

SYSTEM I S  DESIGNED TO CONTROL TO A CONSTANT INLET PRESSURE SIMULATING A VEHICLE SYSTEM. THUS, 

REPRESENTATIVE FLOW TRANSIENTS WERE OBTAINED. CAPACITY HEAT EXCHAXGERS ARE USED TO CONTROL Ih'LET 

TENPERATLRE OVER THE 2 0 0  - 800R TEMPERATURE RANGE. A THRUST MEASUREMENT SYSTEM WAS CUSTOM DESIGKED 

'1Y) OBTAIN HIGH RESPONSE THRUST MEASUREMENT (FREQUENCY RESPONSE GREATER THAN 300 H Z ) .  HIGH PER- 

FQRBIANCE IMPACT MFJ"I'RS ARE USED TO MEASURE TRANSIENT FLOW RATES. THE HYPERFLOW SYSTEM USED TO 

XAINTAIN ALTITUDE PRESENTLY HAS A DURATION CAPACITY OF 1000 SECONDS. 
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THE REGENERATIVE ENGINE I S  COOLED FROM THE COOLANT INLET I N  A NOZZLE EXTENSION RATIO O F  

3 TO THE INJECTOR END O F  THE CHAMBER REGENERATIVELY AND USES A SMALL SUPPLEMENTARY 

AMOUNT O F  F I L M  COOLANT. THE NOZZLE FROM AN EXTENSION RATIO O F  3 TO 18 IS DOWNPASS 

COOLED AND THE NOZZLE EXTENSION IS  F I L M  COOLED. THE CHAMBER IS  ESSENTIALLY OF CIL4NNEL 

WALL CONSTRUCTION WITH THE EXCEPTION O F  THE THROAT REGION WHERE DOUBLE WALL CONSIXUCTION 

IS USED. I N  T H I S  REGION THE LINER IS NOT ATTACHED TO THE BACK WALL AND BOTH ARE FREE TO 

EXPAND AND CONTRACT FREE FROM THE OTHER. THE NOZZLE EXTEKSION IS A THIN STAINLESS 

S T E E L  S I N G L E  WALL WITH INSULATION ADDED FOR ENVELOPE TEMPERATURE. 



CHANNEL 
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REGENERATIVELY COOLED THRUST CNAMBER 

INCHES FROM THROAT PLANE 

PULSE CYCLE LIFE WITH 2000 FULL CYCLES, 
50 HOURS 

0 1 2 3 4 5 6 

PULSE MODE CYCLES X 
-.. . . 

FACE I WEGT I OH 



T I E  L I F E  W R G I N  C A P A B I L I T Y  WAS DEmRMIWED FOR TEE CltlAN83ER F I R E D  W E R  VAIZIOUS O F F - L I M I T  CONDITIONS. 

THE TABLE SHOWS THE L I F E  C A P A B I L I T Y  A T  THE L I F E  L I M I T I N G  P O I N T  I N  THE CHAMBER. UNDER NOMINAL 

C O S D I T I O N S  THE HOT WALL TEMPERATURE A T  THE TRANSITION IS 1080 R AND THE L I F E  CAPABILITY IS 6,000,000. 

RUNNING TfiE CHAMBER A T  500 P S I A  INCREASED THE TEMPERATURE BY 50° R. EVEN A T  T H I S  ELEVATED PRESSURE 

THE L I F E  IS ALMOST ONE M I L L I O N  CYCLES. BY SLIGHTLY INCREASING THE F I L M  COOLANT RATE O F  THE E X I S T I N G  

ClIIXIDER DESIGN,  ONE M I L L I O N  PULSE CYCLE L I F E  CAN B E  ACHIEVED WITH A MINIMUM O F  PERFORMANCE DEGRA- 

DATION. A T  300 P S I A  CHAMBER PRESSURE WITH THE I N L E T  PRESSURES MIS-MATCHED S O  THAT A MIXTURE RATIO 

O F  5 E X I S T S  THE TRANSITION T E M P E R A m E  IS INCREASED TO 1140 R ,  AND ONLY A MINOR DEGRADATION I N  L I F E  
w 
01 

CAP:!BILITY OCCURS. WITH THE PROPELLANT I N L E T  TEMPERATURES A T  800 R ,  REPRESENTATIVE O F  A MAXIMUM 

HEil'I' SOAWACK TO THE PROPELLANT, THE WALL TEMPERATURE IS 1290 R. AGAIN, ONLY A MINIMUM DEGIZADATION 

O F  L I F E  OCCURS. TO EVALUATE STREAKING AN INCREASE I N  THE HEAT FLUX O F  25% FROM THE INJECTOR END 
. .. 

O F  '!'ICE CHABBER TO THE COOLANT I N L E T  WAS ASSUMED. T H I S  I N T E N S I T Y  IS REPRESENTATIVE O F  CO&iPLETELY 

LOSIXG F I L M  COOLANT AND I N  A D D I T I O N  HAVEING A DAMAGED INJECTOR ELEMENT I N  THE OUTER ROW O F  THE 

INJiCCTOR FACE. WITH T H I S  CONDITION THE TRANSITION TEMPERATURE IS 1230 R AND THE L I F E  CAPABILITY 

IS  tZ1,MOST OAT MILLION PULSE CYCLES, 



REGENERATIVE ENGINE 
MARGIN CAPABILITY 

OFF-LIMIT CONDITION L I E  CAPABILITY 

INLET TEMP. = 800 R 

STREAK - QIA UP 25% 

I NOMINALCONDITIONS I 

MR = 4,0 2W SEADY S T A E  CVCES 
* INLET EMP, -- 5 4  W a 50 HOURS 











DETAILED ANALYSIS  O F  THE CHAMBER BASED ON THE EXPERIiMENT.4L HEAT TRANSFER RESULTS SHOWS 

S I M I L A R  HOT WALL CHARACTERISTICS I N  THE THROAT REGION TO THE REGENERATIVE DESIGN.  NEAR 

THE INJECTOR THE WALL TEMPERATURES ARE HIGHER BECAUSE THE SMALL AMOUNT O F  COOLANT IN-  

CREASES MORE RAPIDLY I N  TEMPERATURE. HOWEVER HEAT FLUX LEVELS ARE LOW I N  T H I S  

S E C T I O N  O F  THE CHAMBER S O  THAT THE S T R A I N  LEVEL IS LOW AND A HIGH CYCLE L I F E  IS  OBTAINED. 

THE L I F E  L I M I T I N G  PLANE I N  THE CHA;\IBER IS  A T  THE THROAT AND HAS THE CAPABILITY FOR 2.8 

M I L L I O N  PULSE CYCLES. I N  ADDITION TO 2000 STEADY-STATE CYCLES AND A 50 HOUR DURATION. 

T H I S  DESIGN HAS THE C A P A B I L I T Y  O F  APPROXIMATELY 100,000 FULL STEADY-STATE CYCLES I N  

ADDITION TO ONE M I L L I O N  PULSE CYCLES AND AN OPERATING DURATION O F  50 HOURS. 



UPPASS DUMP COOLED THRUST CHAMBER 
T/C HOT WALL TEMPERATURE 
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UPPASS DUMP ENGINE 
MARGIN CAPABILITY 

OFF-LIMIT CONDITION 

INLET TEMP. = 800 R 

STREAK - QIA UP 258 

I LIFE CAPAB l L l N  I 
PULSE CYCLES WITH 

2000 SYEADY S T A E  C Y C E S  
50 HOURS 
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CHAMBER FABRICATION SEOUENCE 

ELECTROFORM 
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This presentation covers both the high and low chamber pressure 
APS programs a t  Aerojet. The majority of the discussion \tiill center 
on the High PC program as the low pressure work was suspended a t  an 
early stage in the t e s t  program. A t  t h i s  point in time, the high 
pressure program has completed the injector characterization testing 
and i s  preparing to  begin cooled chamber testing. Test results f r c .10  

the injector characterization t e s t s  on the high pressure pros!--l,; 2 : :  I 
a  lirnited number of low pressure injector tes t s  will be PI-esc.::l-ed . . 
we11 as a brief review of the cooled chanjbsr designs. The i g~ i i  kt- ,,. 1 . 1 ,  
performed as part of the engine contrdcis will n o t  be discussed L .  : ~ . i i : <  

of the similarity of th i s  work with t h a t  being reported as part of x.:d 

Aerojet ignition contract. 



HYDROGEN /OXYGEN APS ENGINES 

HIGH PRESSURE LOW PRESSURE 

l n jector s l n lector s 

Performance Performance 

Heat Transfer Heat Transfer 

Combustor Stability 
rP 
w 
-I Cooled Chambers 

A E R O I E T  L I Q U I D  R O C K E T  C O M P A N Y  
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HIGH PRESSURE INJECTORS 

IMPINGING COAXIAL COAX I AL 

Impingement 

72 

Convect ion/Transpi rat ion 

Nickel  

82 

10 sec 

- 2800 

100 -+ 500 

3 + 6 

Mix ing Mechanism 

No. Elements 

Face Cool i ng  

Face Mater ia l  

No. Tests 

Max Durat ion 

No. Restarts 

PC ( p s i 4  
M R 

Shear 

42 

Conduction/Convection 

Cu, A1 

2 9 

2 sec 

29 

100 -t 500 

3 + 6  

A E R O J E T  L IQUID  R O C K E T  
S A C R A M E N T O ,  C A L I F O R N I A  B A o i V i S l O N  O F  A E R O J E T - G E N E R A L .  



Some of the in jector  characterizat ion t e s t  r esu l t s  a re  presented in the ttii.e? 
p lo t s  of in jector  energy re lease  efficiency (ERE) versus mixture r a t i o .  T t l i ? ~ ~  in jec to r  
performance values a r e  based on thrus t  measure~nents using the standard JAPI!:ilF 11:ett;od- 
ology. The performance with film cooling was calculated as though the f i l ! ~ ~  c ~ o l a n t  
were passing through the in jec to r ,  so the mixture r a t i o  d i s t r ibu t ion  loss  ( i b i 2 . 2 )  
resul t ing from the use of filln cooling shows u p  a s  a decrease in ERE. The data show 
the " I "  t r i  p1 e t  impinging coaxi a1 design t o  give generally higher performal-ic? \.!i tli 
shorter  L* chambers than the other in jectors ,  All three in jectors  shown exceed t i l e  
contract  goal of 97% ERE a t  MR = 4.0. 

An important f ac to r  f o r  chamber cooling i s  how much film cooling can be 
employed with a given in jector  and s t i l l  meet the contract  performance godl of 
435 sec I . This i s  shown in the lower three plots  in which the lower dashed 
horizontaf l ine  i s  the minimum ERE consistent  with the IS goal. These plc ts  s t cw ,  
f o r  example, t ha t  the " I "  t r i p l e t  in jector  in a 20 L* configuration can ope r - a t~  b : c t t ~  
24% fi lm cooling and s t i l l  meet the perfon~lance goal. All of the lower plots  .>re 
based on a PC = 300 psia and a MR = 4.0. 

The two r ight  p lots  on xhe r igh t  s ide  of the f igure  show the influence cf 
chamber pressure and oxidizer temperature on performance. From these p lo t s ,  i t  c2n 
be concluded t ha t  the Aerojet in jec to r  designs show perforinance improving v;i tli 
increasing pressure and unaffected by decreasing oxygen temperature. Tests w i t i i  b::th 
propellants cold (350°R) a1 so indicate no degradation from alilbient perfomianc~. 





X - r  QI 
C, v) 3C, t  0 L T  
CV.r1-a+0 O C ,  
v +-C, U C ,  p) 

v r ' t  U L E :  2 0 E 0.r 
L w a r -  I-'3rC.- 
~ n a ~ m c , . ~ r  o 

E S - - t * . r  v) 0 
(JJrb X m  .r L1 
xs.- a-I- m  aJ in 
C,Ua L r a m  





In the design of cooled combustion chambers which exploy 
adiabatic wall designs, one i s  Illore interested i n  recovery ti.!:;- 
peratures than heat f lux.  Recovery temperature data f o r  th-: 
same i  njector/chaniber/fil~ll cool ing ring conibination presenr,c_J 
in the previous f igure are  presented here. Again, the longer 
chaniber i s  more favorable from the heat t ransfer  viewpoint tilt:: 
the short  chamber. The data indicate tile f e a s i b i l i t y  of an 
adiabatic throat  chamber using conventional superal loys. I h 2  
general trend of recovery temperatlrres-decrecsing dovtnstre~:?~ of 
the throat  i s  s ign i f i can t  in t ha t  i t  imp1 i e s  t h a t ,  f o r  adiabat ic  
wall designs, the film cooling requirements are  established bjl 
the requirement of cooling the  throat  and t ha t  secondary in jcc-  
t ion of f i lm coolant downstream of the throat  i s  not required. 





Limited combustion stabil i ty testing was  conducted using a n  impinging coaxial injector 
with cold propellants. The p r q e l l a n t  temperatures  se lected w e r e  those corresponding 
to the propellant t empera tures  entering the injector with the Aero je t  cooled chamber  
designs when the th rus te r  i s  being supplied 250°R HZ and 375OR 0 2 .  Four  separate  
t e s t s  w e r e  conducted using nondirectional bombs in a chamber containing two flush- 
mounted high frequency response  Photocon t ransducers ,  The injector was  unbaffled 
and no acmst ic  resona tors  we re  employed. 

The f igure  shows oscillograph t r ace s  f r o m  the two t ransducers  fo r  one of the tes ts ,  
the t ime  sca le  being 1 m s e c  per  division. I t  can be seen  that, p r i o r  to the bomb discharge,  
the injector i s  ve ry  smooth running, the level  of combustion noise being approximately 
t27o of PC. The bomb discharge introduces a n  ove rp re s su re  i n  the canbustion chamber  - 
of 200 to 300% of PC ,  peak recorded p r e s s u r e s  approaching 1200 psia. Within 0.0005 sec  
the l a rge  p r e s su re  dis turbances  have died out and i n  about 0.007 sec  a l l  evidence of the 
bomb discharge has  disappeared. All four t es t s  showed essent ia l ly  the same behavior. 
While this cannot be constructed a s  a ccpnprehensive stability demonstration, i t  does indicate 
a high level  of dynamic stabil i ty a t  what constitutes the nominal low temperature  operating 
condition. 
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The two low pressure in jector  concepts employed in t h i s  
program were a 200-element coaxial un i t  and a 3840-element vac5:d 
design. Because the low pressure portion of the program was 
terminated before the vaned in jec to r  fabricat ion was completed, 
only the coaxial in jector  was tes ted .  

The coaxial in jec to r  oxidizer tubes were made of cGsnei.- 
cia1 tubing brazed in place. A so l id  copper face pla te  was used. 
Swirlers were used in a l l  the oxidizcr e1c:irents with the excep- 
t ion of the outer  row which einpicyed recessed oxidizer posts. 
The in jec to r  accepted a center-niounted torch i gn i t e r .  

A to ta l  of 30 t e s t s  were conducted. A1 1 t e s t s  were run 
in a vacuum using a 5: l  nozzle with a maximuti1 t e s t  duration of 
10 seconds. The chamber employed was a thin-walled mild s tee l  
uni t  with circumferential and axial arrays o f  thermocouples. 
Film cooling r ings of 0.5 in .  and 2 . 7  i n .  length and designed 
fo r  nominal flows of both 10% and 20% of the fuel  were employed. 





The low pressure engine, with i t s  low nominal M R ,  i s  
par t icular ly  well suited t o  a film-cooled adiabatic wall chamber 
design. Data applicable t o  t h i s  type of cha!nber design are  pre- 
sented in the f igure .  This plot  shcws the adiabatic chamber 
wall temperature ( O F )  froin near the in jec to r  out t o  the nozzle 
e x i t  fo r  various quan t i t i e s  of fuel f i lm cooling. The charfiber 
contour i s  shown above the plot .  I t  i s  in teres t ing t o  note t ha t  
the data a re  consistent  with those obtained on the high pressure 
engine in t ha t  the  shor tes t  chamber (8.5 i n . )  gives the highest 
throat  temperatures and a lso  tha t  tenlperatures drop dowcstream 
of the throat .  The conclusion one draws from these data i s  tha t  
with proper design one might construct a thin-walled chamber 
employing only 11% of the fuel as coolant and have peak wall 
temperatures of approximately 1500°F whi l e y  with 21% cooling , 
t h i s  temperature can be lowered to  1200°F. 
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The Nigh Pressure Reverse Flow APS Engine program is in progress to assess the 

capability of the reverse flow engine concept for Space Shuttle APS application. 

Subsequent figures will present the engine configuration and the program accomplishments 

to date. 

The contract requirements include operation with gaseous H2 and O2 over s mixture 

ratio of 3.0 to 5.0, 1500 lbs thrust at a nominal chamber pressure of 300 psia and a 

nozzle area ratio of 40:l. The nominal propellant feed temperature is 540"~. Tests 

are also required at 800 and 300°R propellant feed temperatures and chamber pressures 

from 100 to 500 psia. Specific goals of the effort are the attainment of 97% C* and 

435 seconds specific impulse with a thrust chamber assembly capable of performing one 
.i 

A million firings. 
0. 
0 

Previous development work at Bell Aerospace demonstrated the reverse flow engine 

concept with a combustion efficiency of approximately 95% at a mixture ratio of 4:l. 

The initial test firings of the program have,concentrated on oxidizer and fuel injection 

modifications to improve the percentage of theoretical C* achieved. 

The development effort is limited to the thrust chamber assembly. Commercially 

available engine valving and ignition systems are employed for the thrust chamber 

testing. 
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1500 LBF REVERSE FLOW FLIGHT TYPE THRUST CHAMBER ASSEMBLY 

SPHERICAL CHAMBER ELECTROFORMED 









1500 LB THRUST PROGRAM ACCOMPLISHMENTS 

> 97% c *  DEMONSTRATION 

ANALYSES OF THRUST CHAMBER DESIGN SHOWS LIFE CYCLE 

REQU I REMENTS EXCEEDED 

@ HARDWARE FABRICATION FOR CHAMBER TESTING AT ALTITUDE 

I N  PROGRESS 









l NJECTOR TEST HARDWARE VAR IABLES 

@ FUEL INJECTION VELOCITY 

OXIDIZER CUP SWIRLHOLEAREA 

a OX1 D IZER CUP OUTLET D IAMETER 

OXID  IZER INJECTION ANGLE 

O X l D  IZER CUP CENTER FLOW 

CHAMBER CHARACTER I ST1 C LENGTH 

CENTER 
FLOW 

SYMBOL 
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Tests conducted at low PC showed an increase of $ C* for a configuration of 

6,51.~( .  , ,56 Mach Number and 5% centerflow. The data for the same configuration at 

a PC of 300 psia is included for comparison. The performance improvement at low PC 

and the reduced fuel and oxidizer AP's at the reduced flow suggests further tests 

to explore the lower injection pressure drop operation. Other data comparisons suggest 

a high performance regime at low oxidizer AP. 

Operation at 500 psia shows an increase of about 0.5% C* compared with operation 

at 300 psia with a 6 . 4 4 q  , .56 Mach Number, 10% centerflow configuration. 

The low and high PC tests were conducted with two injector configurations 

because of the'relatively high AP of theq = 6.51 configuration at 500 psia. 
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FREE STAND ING A M Z  I RC NOZZLE LINER CUMULATIVE 
DAMAGE VERSUS T WALL GAS 
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INJECTOR TEST STATUS 

H I G H  PERFORMANCE CONFIGURATION DEFINED FOR TCA 

ALT l TUD E TEST 

ADDITIONAL INJECTOR TESTING I N  PROGRESS 

- OPERATION TO THERMAL EQUILI  B R I U M  AT SEA 

LEVEL WITH REGEN COOLED NOZZLE 

- LOWER PRESSUREDROP CONFIGURATION 





1500 LBF COOLED THRUST CHAMBER ASSEMBLY 

H 2 
OR 

REGENERATIVE COOLED H z 0  
NOZZLE SECTION REGENERATIVE COOLED 

NOZZLE EXTENSION 
OUTER SUPPORT HOUSl 

STAINLESS STEEL 

SPHERICAL CHAMBER 
STAINLESS STEEL (32L*) 

SPLIT SHROUD 
ALUMINUM - 

PISTON TYPE SEALS (DOUBLE) = 40: ., 

FREE STANDING 

AUGMENTATION (2) 

FLUSH MOUNTED 
SPARK IGNITER (2) 

MOUNTING LUGS (3) 







The predicted operating temperatures for the entire thrust chamber assembly 

with a 10% dump cooled nozzle extension and employing 5$ nozzle section film cooling 

are presented in the figure. The temperatures are consistent with a minimum engine 

pulse cycle life of 1 x lo7 pulses and over 500,000 steady state firings. The 

temperature and life cycle estimates will be refined with the data from the engine 

altitude test firings. 







ESTIMATED ISpm LOSS F I L M  AND DUMP COOLING 

ENGINE O / F  = 4 

INLET TEMPERATURE = 80 O F 

-3 
spcp LOSS SECONDS 
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CONTRACT FOR SPACE SHUTTLE AUX 
PROPELLANT VALVES 

NAS 3-14349 

OBJECTIVE: 

e TO DEVELOP AND DEMONSTRATE DESIGN CRITERIA FOR 
THE FLIGHT TYPE GASEOUS HYDROGEN-GASEOUS 
OXYGEN PROPELLANT SHUT-OFF VALVES 
WHICH WILL BE UTILIZED ON THE THRUSTERS IN 
THE SPACE SHUTTLE AUXILIARY PROPULSION SYSTEM 

2 
'& 

NASA PROJECT MANAGER -=m-- - - - -m R .  GREY $ 
D 

MARQUARDT 

CORPORATION 



f COR/VIRAT/ON VAN NUYS, CA.#FO. N t A  

The Program consists of five Tasks. Tasks I, 11, and N encompass analytical and design efforts, all fabrication and test 

efforts a r e  included a s  Task 111, and Task V has been designated a s  the reporting task. 
1 

The Task I effort consists of a trade-off study which analyzes various types of sealing closures, actuators and supporting 

parts to determine what types of components are most suitable for the APS Valve requirements. In recognition of the 

severe sealing requirements, this study is being supported experimentally by a sealing closure screening program. 

During Task eight different types of sealing closures a r e  being fabricated and test evaluated by means of a rapid 

screening tester to determine their capability of meeting the 100 scc/hr maximum of Helium leakage requirement. 
i 

During Task 11,preliminary design layouts of those valve concepts which have been determined most suitable for this 

application during Task I a r e  prepared for both low pressure and high pressure propellant systems. 

Task IIIB has been established to permit design, fabrication and test evaluation of boilerplate prototype valves of the valve 

concepts prepared in Task II. 

During Task IV, final valve design layouts based on all previously generated data a r e  prepared. 



UNCLASSIFIED 

APS PROPELLANT VALVE TECHNOLOGY 
PROGRAM PLAN 
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A. SEALING CLOSURE 
SCREENING 

B. VALVE 
SUBCOMPONENT 

EVALUATION 

VALVE DESIGN -- - - A  

T H E  

M A R Q U A R D l  

C O M P A N Y  



Efforts are presently in progress in support of Tasks I and IIIA. Both of these Tasks are expected to be completed at 

the end of April 1971. 





The analytical leakage model was discussed in detail a t  the Space Shuttle Auxiliary Propulsion System Conference at  

NASA-Lewis on October 29, 1970. In summary, the model shows that valve leakage is minimized by minimizing the 

height of the leakage path which is  a function of surface finish, surface load and material properties and is also inversely 

proportional to the length of the leakage path. Seal wear is minimized by minimizing impact loads and scrubbing when 

sealing closure mating takes place and by choosing materials which feature a low energy of adhesion, low wear coefficient 

and high hardness. 





This sealing closure consists of a well-lapped, flat tungsten carbide poppet mating with a teflon coated lip seat. This 

lip seat i s  allowed to deflect until the bumper surrounding the poppet stops the travel of the poppet assembly. Impact 

loads a t  the seal a r e  minimized in this manner. The deflection of the lip assures alignment between the sealing surfaces. 





This sealing closure consists of a well-lapped, flat tungsten carbide poppet mating with a flat, combination polyimide 

and teflon seat. The teflon provides the primary seal and the purpose of the polyimide is to prevent cold flow of the 

teflon, particularly a t  elevated temperatures. The teflon is retained by means of a bolted retainer ring. 

A bellows is utilized to establish sealing closure interface loads and to assure alignment of the seat to the poppet. 

The bellows also serves to minimize seal impact loads since the bumper around the poppet limits the travel to the 

poppet assembly. The effective diameter of the bellows is equal to that of the sealing closure for pressure balancing. . 
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The P/N L4685 sealing closure is similar to the P/N L4680 sealing closure except that sealing is accomplished solely 

by the polyimide. This sealing closure features two BellevilIe springs in parallel with the bellows to permit higher 

sealing closure interface loads. By installing the proper size spacers seat loads up to 1500 lbs. can be preset during 

the sealing closure evaluation test program. 









This sealing closure features a spherical, well-lapped tungsten carbide poppet mating with the conical, teflon coated 

lip seal. The mating surfaces a re  designed so  as to always 'assure initial contact a t  the leading edge of the lip seal. 

The spring steel of the lip seal allows deflection of the seal during closure such that the impact forces resulting from 

suddenly stopping the poppet assembly during closure a re  nearly completely absorbed by the bumper around the poppet. 

Impact forces at  the lip seal are  very little greater than the static seal forces. Machining tolerances are  such as to 

minimize lack of concentricity between the poppet and the seat. 





The P/N L4681 Sealing Closure consists of a well-lapped, spherical tungsten carbide poppet and a spherical, combination 

polyimide and teflon seat. The poppet diameter is  very slightly larger than the seat diameter to assure sealing a t  the 

leading teflon edge. The polyimide serves to prevent cold flow of the teflon a t  elevated temperature and to minimize 

impact loads to the teflon during closure. Impact loads a re  further reduced to the seat a s  a result of the bellows and 

bumper construction. The bellows also serves to preset the static sealing load and to align the seat with the poppet. 







SPHERICAL POLYIMIDE SEAT, BELLOWS FORCE LOADED 

Drawing 610. L4686 



This sealing closure features a well-lapped, spherical tungsten carbide poppet mating with a spherical hard copper seat. 

The poppet diameter is  very slightly larger than the seat diameter to assure sealing at  the leading edge of the copper. 

The copper is brazed directly to the bellows. Impact energy absorption and alignment is similar to that of the other 

sealing closures. 





The rapid screening tester developed for evaluation of the sealing closures over the required environmental ranges has 

several unique features. These are: 

Controlled poppet guidance using radially stiff, metallic flexures. 

Isolation of actuator and yoke mass from the poppet/flexure assembly by means of a spring joint. 

Pressure balancing of the sealing closure. 

Controlled static and dynamic actuation forces through utilization of a hydraulic actuation system. 

Actuator thermal isolation from the temperature conditioned sealing closure. 

Variable reluctance position transducer. 

Easily removable sealing closure. 





The picture of the sealing closure evaluation setup shows the following components: 

Rapid screening tester 

Cold conditioning system utilizing LN2 and GN 
2 

Hot conditioning system utilizing electrically heated GN 
2 

Hydraulic feed system including accumulator, servo valve, throttling valves, check valves and differential 

pressure transducer. 
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A close up of the top of the rapid screening tester shows the 

Hydraulic actuator 

Strolte adjustment nut 

Actuator yoke and variable reluctance position transducer 

Isolation spring 

GN inlet filter. 
2 
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The primary purpose of the sealing closure evaluation tests Is to accumulate a large number of cycles with each sealing 

closure a t  the nominal pressure settings and at  the temperature extremes. Approximately 100,000 cycles will be 

accumulated with each sealing closure. Other variables to be explored inolude poppet alignment, impact kinetic energies 

and sealing closure surface finishes. 





Late last year, The Marquardt Company completed NASA Contract NAS 9-10886, the purpose of which was an analytical 

trade-off study of various types of injector valve concepts and their performance characteristics a s  applicable to gaseous 

oxygen/gaseous hydrogen rocket engines in the 500 to 2500 lbs. thrust range for Space Stations. This study concluded 

with recommendations for valve designs for  the 1000 lbs. thrust level operating a t  20 and 400 psia inlet pressure. 

The same analysis techniques that were developed under that contract were also applied to the specific requirements 

of this program. The trade-off includes consideration of a variety of shut off devices and actuators. 



VALVE ELEMENT - MOTION CHARACTERIZATION 

Shut Off Device 

Diaphragm o r  Boot 

E l e c t r i c a l  Motor 

P iezoe lec t r i c  

Actuator Pneumatic Mot or 

Magnetostrictive I n e r t i a  Wheel 

Thermal Expansion 

Linear Mot o r  





UNCLASSIFIED 

VALVE PERFORMANCE REQUIREMENTS 
I 

HlGH PRESSURE - 400 PSlA 

e WF - 0.69 LBS/SEC. AT 540"R (F = 1500 LBS, O/F = 4.0) 
* ALLOWABLE PRESSURE DROP * 5PSI 

0 LOW PRESSURE - 2 0  PSlA 
0 WoX - 2.86 LBS/SEC. AT 54WR 
0 WF - 1.14 LBS/SEC. AT 540°R (F = 1500 LBS, O/F = 2.5) 

ALLOWABLE PRESSURE DROP - 1 PSI 
, UI 

% @ RESPONSE 

0 SIGNAL ON TO VALVE FULLY OPEN - 3 0  MS MAXIMUM 
O SIGNAL OFF TO VALVE FULLY CLOSED - 30  MS MAXIMUM 

MAXIMUM TRAVEL TIIME - 15 MS HlGH PRESSURE 
- 2 0  MS LOW PRESSURE 

INTERNAL LEAKAGE - 100 SCC/HR HE MAXIMUM AT ANY OPERATING 
PRESSURE AND TEMPERATURE 

@ OPERATING TEMPERATURE - 200-800"R 

@ LIFE (goal) - 1,080,008 CVCLES AND 10 VEAW WPTH ZERO MAlNTENANGE 

THE 
MARQUARDT 

CORPORATlON 



For the low pressure oxidizer valves, the response and pressure drop requirements can be met only by poppet valves 

utilizing high pressure hydraulic or pneumatic cyclinder actuators or by a ball valve featuring a 3000 psi hydraulic 

actuator if the pilot valve power requirement is limited to 28 watts, Some other combinations a re  also feasible a t  

higher electrical power levels. 

Line pressure operation is not feasible. 

The lowest weight approaches consist of high pressure actuated poppet valves. 

The weights shown are  minimums and do not include inlet and outlet fittings or special components 

such as position indicators, bellows, etc. 

Actuation pressures less than 1500 psi a re  propellant (oxygen in this case) pressures, Otherwise, the 

actuation gas is Helium. 





Although the low pressure hydrogen valves a re  larger than the low pressure oxygen valves, the conclusions from the 

trade-off study are  the same. Some of the less desirable concepts feasible for the oxidizer valve (such a s  the 60 psi 

actuation pressure, cylinder actuated poppet valve) no longer meet the response and pressure drop requirements. 

Minimum valve weights a re  approximately 10 lbs. 





For the high pressure application, the oxidizer and fuel valve sizes a r e  the same, In general, poppet valves tend to be 

lighter weight than ball valves. 

Propellant line pressure operation is feasible a t  the 28 watt power level for the poppet valve with negligible weight 

penalties incurred in comparison to high pressure operation. 

Increasing the electrical power level from 28 to 56 watts results in an approximately 25% weight savings. Further 

increases in power do not further reduce the weight. However, a propellant pressure operated ball valve does become. 

feasible a t  the 56 watt level. 
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Examination of the volume of pressurant lost discloses that the volume is essentially the same regardless of the operating 

pressures except that for the low pressure valves, some increase occurs as  the pressure drops below 200 psi. The 

high pressure poppet valves require the least volume of pressurant for operation and the actual amount is negligible 

as far  as  engine operations is concerned. 





Utilization of the propellant a s  the actuation pressurant supply is the least complicated, lowest weight approach a s  far  a s  

the pressurant supply system is concerned since high pressure pneumatics o r  hydraulics require additional system components, 

Hydraulics feature the additional complication of not being compatible with the minimum valve temperature requirements (200°R). 

To summarize the preceding five charts, the most attractive valve type for the low pressure valve application is a high pressure . 

gas (3000 psi o r  1500 psi) operated poppet valve requiring 28 watts of electrical power. The most attractive valve type for 

the high pressure application is a propellant gas actuated poppet valve requiring 56 watts of electrical power. 



PRESSURANT SUPPLY SYSTEM PENALTIES 

HIGH PRESSURE GAS HIGH PRESSURE HYDRAULIC 

VENT LINE RETURN LINE 

PRESSURIZING LINE I PRESSURIZING LINE 

PRESSURE REGULATION I PRESSURE REGULATION 

OVER PRESSURE PROTECTION OVER PRESSURE PROTECTION 

FILTRATION FILTRATION 

INSTRUMENTATION I INSTRUMENTATION 

REDUNDANCY CONSIDERATION I REDUNDANCY CONSIDERATION 

TANKAGE I RESERVOIR 

BOOSTER PUMPS 

PUMP DRIVES I 1 
NERGY SOURCES I 

J 

PUMP 

PUMP DRIVE 

ENERGY SOURCES 



The Marquardt Company has prepared a number of analog computer programs to permit optimization of critical valve 

subcon~ponents . 
of these concepts 

These programs a r e  set  up for those valve concepts which appear most attractive a t  this time. One 

is a double pressure actuated poppet valve. Subsequent charts present the type of data being generated 

with the analog computer programs for this valve concept. 





Data from the analog computer program is printed out by a Sanborn recorder. The printout is useful in determining 

specific sizes, such a s  the pilot valve orifice size, required to accomplish a certain response as  well a s  to give 

a pictorial presentation of the actuation pressures and the resultant poppet velocities and poppet positions. Undesirable 

oscillations become very apparent. 

The programs have been used extensively to perform sensitivity studies such as  determining the effect of changes in 

moving mass on response o r  the effect of the piston area on response, etc. 

The traces shown indicate considerable variation in poppet velocity but a fairly linear poppet position versus time character- 

istic during the opening motion. 
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DESIGN REOUIREMENTS 

OPERATING LIFE (GOAL)------------,, 1,000,000 CYCLES 

INTERNAL  LEAKAGE,,,.^,^^,^^,^^^^^ 100 SCClHR 

MA I NTENANCE , ,, , , , , , , ,. , -, , -, , -, , ZERO 

RESPONSE,,.------,.-, ,,,,, --,, 30 M S  M A X I M U M  

OPERATING TEMPERATURE,, ,,, ,,. ,, ,.,- - - 200 R TO 850 R 

VALVE INLET PRESSURE ,.,-,,.,,,-, -,-, 20 t.5 P S l A  LOW PRESSURE SYSTEM 
400 k 5 0  P S l A  H I G H  PRESSURE SYSTEM 



me \;eehnleerL effort  ts b aecsmp%isMd awing  the @snLmet is copldlucted i n  .the few $ask 

shown, along with a continuing reporting task. The closure concepts demloped i n  Task I 

a r e  tes ted i n  Task IIIA; these t e s t  da ta  a r e  then used t o  modify the or iginal  concepts, s o  

t h a t  valve preliminary design (msk 11) can proceed. 

These preliminary valve designs w i l l  be used t o  design and fabr icate  valve simulating 

f i x tu re s  (laboratory-type valves) t o  perform the Task IIIB evaluations, thus leading t o  

the f i n a l  flightweight valve designs of Task IV.  
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CLOSURE CONCEPTS 

0 EVALUATED I N  AFRPL CONTRACTS 
AF04f61U-8392 & AF04(611)-9712 

CONTAMINANT SENSITIVE 

CONCEPT I F L A T  HARD POPPET ON F L A T  HARD SEAT 

0 EVALUATED I N  AFRPL CONTRACT 
F04611-67-C-0085 

o SOMEWHAT CONTAM INANT TOLERANT 
\ SEAT 

CONCEPT 2 F L A T  HARD POPPET ON F L A T  SOFT SEAT 

EVALUATED I N  AFRPL CONTRACT 
F a 6 1  1-67-0085 

e VERY CONTAM I NANT TOLERANT 

CONCEPT 3 FLAT HARD POPPET QN GROOVED SOFT SEAT 

@ir k k r p t r n  
h ~ r t n  Anerrcar. H h J t d l  
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Groove4 seat land design gsovfdes m d d i p l e  sealirrhp lmds a d  voids for Usplaced mterieal i n  

0,006 inch pitch with a g r o m  depth of 8,801 inch, 

inches tolerance; sealing lands are lapped to  f i n a l  

As mcschined 

f inish.  

dimensions held 
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mis c s n f i ~ m t i o w  represents a concept which b s  k e n  reduced Lo flight ewiae praeliee but 

without benefit of specific d e b i l  closure pwlgunetric invesLPgatlons, Pd cwrently i a  wed 

on 5-2 engine pneumatic packages i n  a 4-way solenoid valve operating a t  cryogenic temperatures 

and 400 psig (276 newtons/c$). The current materials have exhibited a tendency toward scrubbing 

wear which may be alleviated by the ut i l i zat ion  of disc or seat plating-coatings, 



CLOSURE CONCEPTS 

CONCEPT 4 FLEX I BE D I S C  SEAL 

0 USED ON 5-2 ENGINE 

e REDUCES INTERFACIAL 
AL l  GNMENT REQU l REMENTS 
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In this e~nfi@m.l;%on df3g p s p p d  w i n  & fabrieat;e?r% frm cmbicSe (WA 90 ts 94) wMle 

the  seat w i l l  be "sof%" cebhEZe (aA 84 to 861, b both cases, embide %nsertril w i l l  be 

brazed t o  CRES poppet and seat  blanks. m e  seat  land w i l l  be ground and lapped t o  a s 

top, then plast ical ly formed with a hard carbide platen t o  form a seating land crown with 

less  than ,0005 inch (0,00127 cm) radius, and f lat  within 5 microinches (0.0000227 an) 

to ta l .  This concept represents a contaminant "resistant" approach as  opposed t o  the 

contaminant "tolerant" intent  of the soft-seated configurations. The extremely small 

radius of the sea t  land crown greatly reduces the probability of a particle being trapped 

on its top; however, i n  tha t  event, the  small radius and hard nature of the closure poppet 

and seat  would cause contaminant shearing or fracture and permit seating i n  a normal manner. 

This configuration has not been previously evaluated. I t .of fers ,  however, the combined 

potential  advantages of contamination and scrubbing wear i-esistance, 



CLOSURE CONCEPTS 

CLOSURE INTERFACE 

\ 

ALTERNATE 

I CONCEPT 6 HARD-SHARP CARBIDE SEAL 

* UNIQUE CONCEPT 

* CONTAM I NANT TOLERANT 

* CONTAMINANT DESTROYER 







me closure L e s ~ r  hs a mbliple  feat- f ixture providing for c l o e m  m o l u a t l ~ ,  atwciliw, a d  

aahticsn for igsnit~riw fisldmenlab closure 

parameters. The basic s t r u c t w e  consists  of a pneumatically pressurized hydros.t;ectic beasing 

(body and piston) which permits near f r i c t i on l e s s  loading of closure test surfaces v ia  pressure 

application t o  one end of the piston. The t e s t  closure poppet is retained a t  the opposite end 

of the piston. The mating test closure s e a t  is located i n  a removable cap through which closure 

i n l e t  pressure is  directed and resu l t ing  leakage is  captured. The t e s t e r  i s  designed t o  operate 

i n  both s t a t i c  and dynamic modes. I n  the s t a t i c  application, t e s t e r  function is t o  provide a 

means of positioning a closure poppet and sea t  i n  intimate contact with supply pressure applied 

while incrementally varying closure interface load and monitoring leakage variat ion a s  a function 

of tbt load. I n  the dynamic mode, impact loads a re  applied t o  closure interfaces t o  simulate 

cycl ic  operating conditions found i n  ac tua l  valves. 



CLOSURE SCREENING TESTER 

T- BENTLY P O S I T  I O N  TRANSDUCER 

BODY -HYDROSTAT I C 

FAST-REMOVAL 

POPPET HOLDER 

LOAD YASNER 
(KI  STLER) 
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TESTER FEATURES 

* PRECISION LOAD CONTROL (STATIC AND DYNAMIC) 

@ PRECISION POSITIONING CAPABILITY 

FRICTIONLESS ACTUATION 

SEAT-POPPET ACCESS I N  LESS THAN ONE MINUTE 

UNLIMITED CYCLE LIFE 

@ 140R TO 850R OPERATION 

@ MEAS URE l NTERFAC I AL ENERGY 



'31%1%s device i s  the hewt 0% the teskr ,  me holder poai t iom tbe pwwt sam the vobbler bn 

J o i n t  Psceted wi.$Mw the piston, PopwL radial position is controlled with 8 embide-button 

tipped screws located near each end of the poppet at 45 degrees from the beam axis. A beam 

loads the poppet onto the wobbler b a l l  joint  via two end bearings and one center bearing. 

The end bearings are  ax ia l ly  adjustable t o  vary beam deflection, and thereby load, The 

art iculat ion mechanism provides fo r  three modes of closure. Clamped (paral le l)  closure w i l l  

be effected by removal of the wobbler ball joint. The other modes a re  clamshell or scrubbing 

depending upon the set t ings of the r ad ia l  positioning screws. These modes of closure, i n  

combination with the a b i l i t y  t o  precisely measure in te r fac ia l  energy, w i l l  enable the develop- 

ment of design c r i t e r i a  t o  successfully design and fabricate the APS Propellant Valves, 





THIS PAGE INTENTIONALLY L E F T  BLANK 



m!mNG PAGE BLANK NOT FILMED 



THIS P A G E  INTENTIONALLY L E F T  BLANK 



PRZEDING PAGE BLACVK NOT FLMED 

"IGNITION DEVICES FOR ACPS" 

S, D. ROSENBERG 

AEROJET 

TECHNICAL MANAGER 

E. A. EDELMAN 

LEWIS RESEARCH CENTER 



THIS P A G E  INTENTIONALLY L E F T  BLANK 



CONTRACT NAS 3-14348 

IGNITION SYSTEM FOR SPACE SHUTTLE 

AUX l bl ARY PROPULSION SYSTEM 

For 

NASA - LEW l S RESEARCH CENTER 

ALRC Project Manager: S. D. Rosenberg (Speaker) 

ALRC Project Engineer: A. J. Aitken 

NASA Project Manager: E. A. Edelman 

A E R B d E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  C3 A D l V l S l O N  O F  A E R O J  E T - G  E N  E R A L  G 
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TEST VARIABLES 

GAP, i n .  

ENERGY AT GAP, m j  

CORE MR 

TOTAL MR 

PC, p s i a  

OXIDIZER TEMPERATURE, OR 

FUEL TEMPERATURE, OR 

IGNITER BODY TEMPERATURE, OR 

TEST P R O G R A M  V A R I A B E S  
NAS3-14348 

STEADY-STATE DURATION, sec 

PULSE OPERATION 

SPARK IGNITER 

0.025 TO 0.100 

ELECTRODE DURABILITY l o 6  SPARKS 

FUEL LEAD/LAG, msec +30 TO - 3 0  

BACK PRESSURE AT FSl 2 x 1 0 - ~  mm TO 14 .7  psia 

PLASMA IGNITER 

0.025 TO 0.040 

0.15 TO 1 0 0  

4 0  TO 7 5  

6 TO 11 

10-20, 100-500  

1 9 0  TO 500  

135  TO 500  

1 4 0  TO 500  

0.1 TO 1 0  

1 TO 8 7 6  

l o 6  PULSES 

+30 TO - 3 0  

0.1 TO 14.7 p s i a  

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  % A  D I V I S I O N  O F  A E R O J  E T  G E M  E R f r L  
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KEY TEST PROGRAM MER IT FACTORS 
NAS3-14348 

(1) IGNITER AND THRUSTER IGNIT ION DELAYS 

(2) THRUSTER IGN IT ION PRESSURE AND OVER PRESSURE 

(3) IGNITER DURAB l LlTY AND COMPAT I B l l l T Y  WITH 
THRUSTER 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  D A D l V l S l O N  O F  A E R O J E T - G E N E R A L  



All of the 02 flows through the spark gap where i t  
i s  activated. The core Hz i s  impinged (45") on the ac t i -  
vated 02 jus t  downstream of the spark plug (core MR., 45). 
Most of the Hz ( ~ 8 5 % )  i s  used t o  cool the  torch chamber 
wall ( to ta l  MR % 6.5). The cooling H2 reacts  with the core 
exhaust a t  the e x i t  of the ign i te r ,  providing a very hot 
torch fo r  thruster  ignit ion.  





The core H flows through the plasma gap where i t  
i s  activated. A I ?  of the 02 i s  mixed (coaxially) w i t h  
the  activated H2 jus t  downstream of the plasma plug (core 
MR Q 45). Most of the H2 ( ~ 8 5 % )  i s  used t o  cool the  torch 
chamber wall ( to ta l  MR % 6.5). The cooling Hz reacts  with 
the core exhaust a t  the e x i t  of the ign i te r ,  providing a 
very hot torch fo r  th rus te r  ignit ion.  





No s i g n i f i c a n t  change i n  i g n i t e r  i g n i t i o n  
de lay  was caused by va ry i ng  t h e  t o r c h  chamber 
pressure a t  f i r e  sw i t ch  1. 
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No significant change in igniter ignition delay was 
noted over the range of spark gap and energy and PC tested. 
Prompt ignition w a s  obtained, i . e . ,  5 msec, under worst con- 
dit ions tested, i . e . ,  gap, 0.100 in. ;  energy, 1 m j ;  P C ,  
505 psia. Ignition delay varied between 4 and 11 millisec 
under the conditions tested, demonstrating excellent response. 



TEST - 
110 

123 

126 

129 

132 

135 

138 

141 

144 

147 

1 50 

153 

156 

159 

185 

IGN  ITER-ONLY TESTS - H IGH PC SPARK: AMB IENT TEMPERATURE PROPELL4NTS 
NAS3- 14348 

TEST CONDITIONS 
PC GAP ENERGY 

PSIA - IN. - MJ 

30 0 0.050 10 

300 0.050 10 

300 0.025 10 

300 0.100 10 

100 0.100 10 

TEST RESULTS 
IGNITION 

PC MIXTURE RATIO DELAY 
PSIA CORE TOTAL - - MSEC NOTES 

TEST DURATION, 150 MSEC 

THRUST, 25 1bF (NOM) 

SPARK RATE, 500 SPS 

PC AT FS1, 0.3 - + 0.2 PSIA 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  D A 0 1 V I S l O N  O F  P t R O J  E T  c i t 1  S R A L  
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IGNITER-ONLY TESTS - HIGH PC SPARK: PULSE AND DURABILITY 
NAS3-14348 

TEST CONDITIONS TEST RESULTS ,. n IGNITION 
'C GAP ENERGY c MIXTURE RATIO DELAY 

TEST PSIA IN.  
1_-- 

M J PSIA  CORE TOTAL MSEC NOTES - 
1 9 4  300 0.050 10 - 3 0 3  4 5  6.5 - 6 1000 CONSECUTIVE PULSE TEST 

2 0 0  MSEC ON/300 MSEC OFF 

TOTAL ON TIME, 200  SEC 

199 3 0 0  0.050 10 3 0  1 4 5 6.5 4 TEST DURATION, 10 SEC 

409 300 0.050 1 3 0 0  4 5 6.5 - TEST DURATION, 1 5 1  SEC 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A O  A D I V I S I O F I  O F  A E R O J E T  G E N E R A L  
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Note tha t  the f a s t  response ign i te r  valves had t o  
be removed froin the t e s t  apparatus t o  obtain the very low 
propel 1 ant temperature. Igni ter  response remained the  
same as the temperature was reduced from 500°R t o  below 
200°R. Note t ha t  ' ignit ion was achieved a t  very h igh  core 
MR, i ,e . ,  81.2, demonstrating the insens i t iv i ty  of the 
ign i te r  t o  varying i n l e t  conditions. 



IGNITER-ONLY TESTS - HIGH PC SPARK: VERY LOW TEMPERATURE PROPELLANTS 
NAS 3-1 4348 

TEST CONDITIONS 

P~ GAP ENERGY 
TEST PSIA I N .  - - - M J 

TEST RESULTS 

D IGNITION TEMP - 

' C MIXTURE RAT I 0  DELAY " R 
PSIA CORE TOTAL - - - MSEC 0 X - FU - 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  * A O l V i S l O N  O F  A E R O J  E T - G  E N  B R A L  



No s i g n i f i c a n t  change i n  i g n i t e r  i g n i t i o n  
delay was noted over  the cond i t ions  tested. Prompt 
i g n i t i o n  was obtained, i .e . ,  8 m i l l i s e c .  



IGNITER-ONLY TESTS - HIGH PC PLASMA PULSE: AMBIENT TEMPERATURE PROPELLANTS 
NAS3-14348 

TEST CONDITIONS TEST RESULTS 
n n IGNITION 
' c GAP ENERGY ' c MIXTURE RATIO DELAY 

TEST PSIA IN. M J MSEC NOTES - - - -  PSIA CORE TOTAL - - 
308 300 0.030 -0.2 302 41 - 6  6.6 11 TEST DURATION, 150 MSEC 

311 100 0.040 -0.2 101 41.5 5.8 10 THRUST, 25 1 bF (NOM) 

316 300 0.040 -0.2 297 41.6 6.6 8 PULSE RATE 

319 500 0.040 -0.2 488 41.2 6.7 8 PC AT FSl , 0.4 0.1 PSIA 

ENERGY, 0.15 TO 0.5 MJ 

A E R O I E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  O A D I V I S I O N  O F  A E R O J  E T - C E N  E R A L  





TEST - 
3 2  2 

IGNITER-ONLY TESTS - H I G H  PC PLASMA PULSE: PULSE AND DURABILiTY 
N A S 3 - 1 4 3 4 8  

TEST CONDITIONS - 
P~ GAP ENERGY 

P S I A  I N .  MJ - - -  
TEST RESULTS 

n I G N I T I O N  
' c MIXTURE R A T I O  DELAY 

P S I A  CORE TOTAL - - - MSEC NOTES 

876 CONSECUTIVE PULSE TEST 

1 0 0  MSEC ON/200  MSEC OFF 

TOTAL ON T I M E ,  8 7 . 6  SEC 

TEST DURATION, 1 0  SEC 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  . A D l V i S 1 O N  O F  A E R O J  E T - G E M  C R A L  
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IGNITER-ONLY TESTS - HIGH PC PLASMA PULSE: LOW TEMPERATURE PROPELLANTS 
NAS 3-14348 

TEST - 
TEST CONDITIONS 

P~ GAP ENERGY 
PSIA IN. - - M J 

TEST RESULTS 

Pc 
IGNITION TEMP 

MIXTURE RATIO DELAY " R 
PSIA  CORE TOTAL - - - MSEC OX - - FU 

324 500 0.040 -0.2 485 44 6.6 9 41 8 32 7 

325 500 0.040 -0.2 NO IGNITION - 
326 500 0.040 -0.2 485 44 6.6 10 41 6 3 22 

327 500 0.040 -0.2 NO IGNITION - 
334 500 0.030 -0.2 499 44.7 6.5 11 377 2 58 

342 300 0.030 -0.2 29 9 43.9 6.6 9 31 3 259 

345 100 0.030 -0.2 9 5 37.2 5.2 9 301 259 

A E R O I E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  @ A D I V ! S ! O M  O F  A E R O J  E T - G E M  E R A L  



Note that the f a s t  response igniter valves had to  
be removed from the t e s t  apparatus to obtain the very low 
propellant temperature. Igniter response remained the 
same as the temperature was reduced from 500°R to below 
200°R. Note that  ignition was achieved a t  very high core 
MR, i . e . ,  76.0, demonstrating the insensit ivity of the 
igniter t o  varying in le t  conditions. 



IGNITER-ONLY TESTS - HIGH PC P U S M A  PULSE: VERY LOW TEMPERATURE PROPELLANTS 

NAS 3-14348 

TEST CONDITIONS TEST RESULTS 
n n I G N I T I O N  TEMP ' c GAP ENERGY 'C MIXTURE R A T I O  DELAY OR 

TEST I N .  - MJ 
II) I 

P S I A  CORE TOTAL - - MSEC - OX FU - 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A l i F O R P 1 I A  @ A D l ' d i S l O N  O F  A C R O J E T - G E N E R A L  
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- IGN ITER-COMPLETE THRUSTER TESTS - DEFlN IT  ION OF START TRANS IENT TERMS 
NAS3- 14348 

4 g n i  t e r  I g n i t i o n  

1.  TI i s  def ined as the  I g n i t i o n  Delay. 
2- T2 i s  the t ime requi red t o  reach 90% o f  f u l l  PC. 

3 .  ' i g n i t i o n  i s  the absolute pressure obtained a t  i g n i t i o n .  

4 *  'over i s  the  pressure generated by i g n i t i o n  t h a t  i s  observed t o  be over and above the slope o f  PC r i s e .  

5. E f fec t s  o f  co ld  f low pressures are no t  shown and no time frame i s  intended. 

A E R O I E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  $3 A D I V I S I O N  O F  A E R O J E T - G E N E R A L  





TEST - 
7-101-C 

7 -101 -D  

7 -101 -E  

7-  104 -A  

7-104-B 

7 - 1  0 4 - 0  

8-1 01 

8-1 0 2  

8-1 0 3  

8- 1 0 5  

8-1 10 

8 - 1 1 1  

8 - 1 1 2  

IGNITER-COMPETE THRUSTER TESTS - H I G H  PC SPARK: 
AMB lENT TEMPERATURE PROPELLANTS 

NAS3- 1 4 3 4 8  

THRUSTER TEST CONDITIONS 
i- FUEL 

c SEQUENCE 
PSIA  - - MR MSEC 

3 0 0  4 .0  0 

THRUSTER TEST RESULTS 

Pc THRUST '2 P~~~ P~~~~ 
PS IA  - - HI? - - MSEC - MSEC - P S I A  - P S I A  1 b F  

3 0 0  3 .93  1 1 9 6  4 11 5 0 0 

NOTES: SPARK ENERGY, GAP,RATE; 10 MJ, 0 . 0 5 0  I N . ,  5 0 0  SPS 

IGNITER THRUST AND MR; 2 5  I b F ,  CORE MR-40, TOTAL MR-6.0 

DURATIOii; IGHITER - 1 0 0  MSEC, THRUSTER - 0 . 5  TO 2 . 0  SEC 

FUEL LEAD/LAG 
MSEC 

LEAD LAG - - 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  CI A o l v l s l 0 N  O F  A E R G J E T  G E N E R A L  
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TEST - 
7-1 08-D 

7 -108 -F  

7 -1  0 8 - 6  

7 - 1  08-H 

8-1 5 5  

8- 1 5 6  

8 - 1 5 7  

8-1 5 8  

8 - 1 5 2  

8-1 5 3  

8- 1 5 4  

IGNITER-COMPLETE THRUSTER TESTS - HIGH PC PLASMA PULSE: 
AMB lENT TEMPERATURE PROPELMNTS 

NAS3- 1 4 3 4 8  

THRUSTER TEST CONDITIONS 
n FUEL 
'C SEQUENCE 

PS I A  - MR - MSEC 

THRUST TEST RESULTS 

c THRUST 1 '2 P~~~ P~~~~ 
PS I A  - MR - 1 b F  MSEC MSEC P S I A  P S I A  - - -- 

NOTES: PLASMA PULSE ENERGY, GAP, RATE ; 0 . 2  MJ, 0 .030  I N .  , 2 2 0  PPS 

IGNITER THRUST AND MR; 2 5  l b F ,  CORE MR - 41.5,  TOTAL MR - 5 .8  

DURATION; IGNITER - 100 MSEC, THRUSTER - 0 .4  TO 1.0 SEC 

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  r3 A D l V l S l O N  O F  A E R O J  E T - G  EN E R A L  

FUEL LEADILAG 
MSEC. 

LEAD & - 



The 02 flow i s  s p l i t  with p ~ r t  being mixed with H2 
(MR = 1)  just before entering the Shell 405 catalyst  bed 
and most ( ~ 9 7 % )  being used to  cool the catalyst  bed wall 
prior to  being injected into the torch chamber just  down- 
stream of the catalyst  bed (MR = 49). The Hz flow i s  s p l i t  
with part being mixed with 02 (MR = 1)  ' jus t  before entering 
the Shell 405 catalyst  bed and most (45%) being used to  
cool the torch chamber 'wall. The cool ing Hz reacts with 
the core exhaust (MR = 5) a t  the exi t  to the igni ter ,  pro- 
viding a very hot torch for  thruster igniticn. 





Excel 1 ent response was obtained under 
ambient conditions , i .e. , response time was 
32 msec 5 3 msec, 



IGN ITER-ONLY TESTS - H IGH PC CATALYTIC: AMB IENT TEMPERATURE PROPELLANTS 

NAS3- 1 4 3 5 4  

D RESPONSE BED CHAMBER 
'C TIME TOTAL BED TEMP. TEMP. DURATION 

TEST P S I A  - - MSEC MR " F MSEC - MR - " F - 

NOTES: RESPONSE TIME; F IRST  PRESSURE RESPONSE I N  H2 MANIFOLD TO 100% PC 
DURATION; T IME AT 1 0 0 %  PC 

CATALYST; SHELL 4 0 5  

PC AT FSl; 0 .35  P S I A  

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  O A O I V I S I O N  O F  A E R O J E T - G E N E R A L  
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A representation of the oscillograph trace for the 
second pulse test is shown, i .e., pulses 98, 99, and 100. 
The repeatability from pulse to pulse was excellent. 





The response time (32 msec) of the ca ta ly t ic  igniteim 
remained the same as the temperature was lowered from 500GR 
t o  approximately 350°R. A t  approximately 300 t o  325OR, a 
sharp increase i n  the response time was noted, i .e . ,  from 
2 mil l i sec  to  106 mill isec.  



IGN ITER-ONLY TESTS - H IGH PC CATALYTIC: LOW TEMPERATURE PROPELLANTS 

NAS3- 1 4 3 5 4  

TEMP. RESPONSE 
Pc 

CAT BED 
R TIME TOTAL DURATION TEMP, FS1 

TEST P S I A  - - - OX - FU MSEC MR - MSEC OR 

NOTES : RESPONSE TIME ; FIRST PRESSURE RESPO~ISE IN H,, "A;' ; cr: 2 '3 '! %:c 5 - 
DURATION; T IME AT 100% PC 

?c 

CATALYST; SHELL 4 0 5  

PC AT FS,; 0 . 3 5  P S I A  

A E R O J E T  L I Q U I D  R O C K E T  C O M P A N Y  
S A C R A M E N T O ,  C A L I F O R N I A  C# A D I V I S I O N  u F  h E R Q l k T - L ~ ~ ~ t ? A L  



The catalytic torch igniter was used to  ignite the 
thruster. Excellent results were obtained. Note that by 
proper sequencing i t  may be possible to  obtain a thruster 
response time of 20 to  25 m i  11 i sec. 
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The use o f  oxygen and hydrogen propel lants I n  the Space Shut t le  Aux i l i a ry  Propulsion 

System (SS/APS) has es tab l  ished unique i g n i t i o n  system requi rements. As many as 50 th rus ters  

6 must be i g n i t e d  r e l i a b l y  up t o  1 x 10 times each w i t h  a minimum o f  in ter ference w l t h  other  

systems. l g n i  t i o n  systems f o r  SS/APS have been invest igated a n a l y t i c a l l y  and experimental ly 

under NASA and Rocketdyne funding. An improved augmented spark i g n i t e r  (AS!) and a new 

au to - ign i t i on  device have been evaluated I n  d e t a i l .  

The systematic engineering i nves t iga t i on  conducted f o r  both i g n i t i o n  concepts i s  described 

The pre l im inary  design concept, laboratory tes ts ,  i g n i t e r  deslgn(s), " i g n i t e r  only" tes t inq ,  

" l gn i t i on / th rus te r  i g n i t i o n "  tes t ing ,  and the o v e r a l l  i g n i t i o n  system deslgn are discussed, 

An improved augmented spark i g n i t e r  design w! t h  very low power requi rements and a uniquely 

packaged integrated spark p lug /exc i te r  u n i t  which mlnOmlzes weight and el imtnates R.F.I. i s  

presented. An au to - ign i t i on  device employing a resonance heat ing phenomenon and requ i r ing  no 

external electrical p m e r  or catalytic m a t e r i a l  i s  a l so  presented, 





SPACE SHUTTLE AUXILIARY PROPULSION SYSTEM 

IGNITION SYSTEM 
NAS3-14351 

OBJECTIVE: CONDUCT AN ANALYTICAL AND EX PER IMENTATION PROGRAM 

OF DES IGN, FABR ICATI ON, AND E S T  OF GASEOUS HYDROGEN - 
OXYGEN IGNITION SYSIEMS. OBTAIN DATA FOR WIDE RANGES 

OF OPERATING CONDlTlONS AND COMPLETE A PRELIMINARY 

DESIGN OF THE APS IGNITION SYSTEM 



The se lec t i on  of  oxyqen and hydrogen as the prope l lan ts  f o r  the Space Shu t t l e  has establ ished 

the requirement f o r  a  h i g h l y  r e l i a b l e  and lonq 11fe i g n i t i o n  system, I g n i t e r s  a re  requIred 

f o r  a  number o f  a u x i l i a r y  propuls ion system comoonents. The th rus ters ,  gas generators, 

condi t ioners,  a u x i l i a r y  power u n i t s ,  the OMS, and the main enqines requ i re  i gn i t e rs ,  The pro- 

gram discussed i n  t h i s  paper concentrated on the APS t h r u s t e r  i q n f t l o n  system although the 

technolooy obtained i s  app l icab le  t o  a l l  the A u x i l i a r y  P r o ~ u l s l o n  System components and pos- 

s i b l y  the main engine, Depending on the amount o f  redundancy required, up t o  150 i g n l t l o n  

systems could be requi red on the Space Shu t t l e  vehic le.  





The SS/APS I gn i t e r  i s  located l n  the center of the i n j ec to r  face and f i r e s  a x i a l l y  along 

the thruster  centerl ine. Main propel lant  i gn i t i on  i s  accomplished by t h i s  i g n i t e r  torch 

formed by approximately 1 percent o f  the thruster  flowrate. A fue l - r i ch  torch was selected 

(M.R. = 1-1.5) based upon ex i s t i ng  02/H2 rocket engine experience on the RL-I0 and the 

man-rated J-2 engine. 





The Aux i l ia ry  Fropuision System thrusters on current vehicles use hypergoiic propei iant  

and require no i g n i t e r  systems. The Space Shutt le APS, using gaseous oxygen and gaseous 

hydrogen, has very s t r ingent  i g n i t i o n  system requirements. High r e l i a b i l i t y ,  rapid response 

and long l i f e  are required. The system should a lso require low power due t o  the large num- 

ber o f  igni ters.  The i g n i t e r  should provide a minimum o f  interference w l  t h  other thruster  

components and a minimum o f  radio frequency interference (R. F. I .) . 

During ear ly  1970, Rocketdyne conducted company-funded e f f o r t s  on spark and auto- igni ter  

i gn i t i on  systems. The spark i g n i t e r  system was selected because o f  i t s  proven a b i l i t y  i n  the 

J-2 sys tem (man-rated) . The 5-2 incorporates a fue I-ri ch augmented spark ign i  t e r  (AS I). The 

auto- igni ter  technique employing the resonance heating p r inc ipa l  was selected because o f  i t s  

u l t imate potent ia l  and s impl ic i ty .  The auto- ign i t ion technique, i f  proven feasible, could 

make t h i s  oxygen/hydrogen propel lant  combination appear hypergolic. 



SPACE SHUTTLE APS IGNITION 

REOU I REMENTS 

@ PROVIDE RELIABLE IGNITION 

@ HIGH RESPONSE (<50 MILLISECONDS) 

@ l,OOOjOOO CYCLE LIFE 

10 YEARS OPERATION 

* SIMPLE 

@ LOW POWER 

@ NON- INTERFERENCE 

SELECTED A? PROACHES 

A D V A N C E D  SPARK IGNITER 

@ AUTO-IGNITION 



Although the f u e l - r i c h  augmented spark i g n i t e r  i s  c u r r e n t l y  used i n  the man-rated Saturn 

vehicle, several areas requ i re  improvement. These improvements are primarily e l e c t r i c a l  

i n  nature. The present capacitance discharge e l e c t r i c a l  u n l t s  are large, heavy, consume 

too  much parrer, and cause R.F. I. The goal o f  the spark f gni  t e r  was t o  reduce e l e c t r i c a l  

p w e r  requirements and provide a system w i t h  low R.F.I., law weight, and a minimum o f  

requi red maintenance. 







TECHNICAL APPROACH 

DESIGN IGNITER TO REQUIRE LOW ENERGY 

@ INCREASE ENERGY TRANSFER EFFICIENCY 

@ INDUCTIVE ENERGY STORAGE 

@ SMALL INTEGRATED U C I T E R I  PLUG 



To obtain reliable spark ignitlon at low spark energy, it is desirable to have relatively 

high mixture ( ) 1.4 o/f) and low velocity gas at the spark plug tip. Several candidate 

igniter configurations were evaluated. Cold flow tests were conducted using oxygen and 

helium gases to determine local gas mixture ratio and velocity prior to the igniter ignition. 

The cold flw hardware of the selected configuration i s  shown, 
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Analysis of the co ld  f low data ind ica ted the desired h igh  mixture r a t i o  and r e l a t i v e l y  

low v e l o c i t y  gas could be obtained w i t h  t h i s  conf igura t ion  i n  the region upstream o f  

the f u e l  i n j e c t i o n  o r i f i c e s .  With an o v e r a l l  i g n i t e r  mixture r a t i o  o f  1.0 o / f , ' l oca l  

mixture r a t i o s  o f  approximately 6 were obtained a t  the back sur face o f  the i g n i t e r  and 

locat ions approximately 0.4 inch downstream. The data po in ts  shown are f o r  a number o f  

c i r cumfe ren t ia l  locat ions. 





Laboratory  t e s t s  were conducted t o  evaluate the cha rac te r i s  t lcs sf severa l  d l  F fe ren t  spark 

p l u g  c o n f i g u r a t i o n s .  The o b j e c t i v e  o f  t h i s  t e s t i n g  was t o  o b t a i n  spark p l u g  e f f i c i e n c y  data, 

Desi r ab le  spark p l u g  c h a r a c t e r i s t  l c s  f o r  an induct1 ve l y  powered spark a re  low breakdown v o l t -  

age (i.e., the vo l tage  requ i red  across the gap t o  i n i t i a t e  the discharge) and a h i g h  sus- 

t a i n i n g  vo l tage  (i.e., the vo l t age  t h a t  i s  mainta ined across the gap du r l nq  the discharge). 

I t  i s  a l s o  des i r ab le  t o  keep the breakdown vo l tage  r e l a t i v e l y  low ( <  10 kv )  t o  a i d  i n  t rans-  

former design ( t u rns  r a t i o )  and t o  p rov ide  h i g h  system e f f i c i ency .  Based upon the labora to ry  

data, the dual recessed gap spark p l u q  was se lec ted  due t o  i t s  h i g h  sus ta l n i ng  t o  breakdown 

vo l tage  r a t i o  and i t s  breakdown vo l tage  was b e l w  10 kv. Th i s  spark p l u g  was used success fu l l y  

on subsequent h o t - f  i r i n g  tes ts .  Dual gap p lugs produce two s e r i e s  discharges w i t h  each spark. 

A " f l o a t i n q "  in te rmed ia te  m e t a l l i c  r i n g  ac t s  as the in te rmed ia te  e lect rode.  Dual gap p lugs 

as a f am i l y  e x h i b i t e d  q rea te r  e f f i c i e n c i e s  than t h e i r  s i n g l e  gap counterparts.  

Recessed sur face  qap p lugs have a d d i t i o n a l  advantages over  r a d i a l  cap plugs. The breakdown 

vo l tage  ( f o r  smal l  qaps) reaches an asymptote w i t h  inc reas ing  pressure and e lec t rodes  a re  kep t  

away from h o t  combus t i o n  gases. 

A1 1 p lugs  were evaluated f o r  maximum VDD and USUS v a r i a t i o n  from 0.2 t o  60 ps la ,  200° R t o  

560" R GN2. 
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103 tes ts  were conducted. The i g n i t e r  functioned very we l l ,  g i v i n g  rap id  response w l t h  l w  

energy requirements over the e n t i r e  range o f  operat lonal  parameters. The most s i g n i f i c a n t  

data obtained on t h i s  t e s t  ser ies  was t h a t  the i g n l  t e r  was insensi t i v e  t o  sequencing ( i  .e., 

f ue l  o r  o x i d i z e r  leads i g n i t e d  equa l ly  w e l l )  and t h a t  the required energy l eve l  was w e l l  

b e l w  the design goal o f  20 mj .  The f a c t  t h a t  the I g n i t e r  I s  InsensI t Ive  t o  prope l lan t  

sequencing makes i t  more r e l i a b l e  and makes It much eas ier  t o  i n teg ra te  i n t o  the th rus te r  

w i t h  n o  separate i g n i t e r  valves. 

- 





Upon completion o f  the low pressure " i g n i t e r  only" tes ts ,  the spark i g n i t e r  was tes ted  wl t h  

the complete low pressure t h r u s t e r  assembly. Tests were conducted i n  the Rocketdyne SS/APS 

a l t i t u d e  f a c i l i t y .  Rapid response o f  the complete t h r u s t e r  assembly was demonstrated w i t h  

v i r t u a l  l y  no i q n i  t e r  delay. The i g n i t e r  f lowra te  and i g n i t e r  mix tu re  r a t i o  were systematical  l y  

var ied  t o  determine the e f f e c t s  o f  i g n i t e r  energy on t h r u s t e r  i g n i t i o n  delay. Successful and 

rap id  th rus te r  i g n i t i o n s  were obtained f o r  i g n i t e r  mix tu re  r a t i o s  from 0.8 t o  1.5 and i g n i t e r  

f lowrates from 0.04 t o  0.01 lbs/sec (1 percent t o  0.25 percent o f  t h r u s t e r  f low). 
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The high pressure spark i g n i t e r  i s  very s im i l a r  I n  design t o  the 1 w  pressure uni t .  The 

i g n i t e r  has an inside diameter o f  1.0 inch. The por t ion o f  the i g n i t e r  which incorporates 

the propel lant  i n jec t ion  o r i f i c e s  and the two spark plugs I s  made o f  copper; the body i s  

made of  sta in less steel. 





The h igh  pressure spark i g n i t e r  was evaluated on 194 tests. Results were very s i m i l a r  t o  

those o f  the  l o w  pressure conf igurat ion, Again the  response was rap ld  and the  i g n i t e r  was 

insens i t i ve  t o  sequencing. Energy requi rernents were b e l w  the  20 mJ deslgn goal. The 

e f f e c t s  o f  i g n i  t e r  chamber pressure were a l so  Invest igated. A design chamber pressure o f  

100 p s i a  was selected because i t  requi res less e l e c t r i c a l  voltage and energy and t h i s  

design p o i n t  w i l l  provlde a very s t i f f  (275 psld)  p rope l l an t  feed system which makes the 

i g n i t e r  ions, 
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The o v e r a l l  goal o f  the spark i g n i t e r  repor t  was t o  reduce the system size, weight, power 

requirements and R.F.1, Data obtained dur ing the l o n i t e r  t e s t i n g  w i t h  the workhorse va r i -  

able energy and var iab le  spark ra te  e x c i t e r  was used t o  es tab l i sh  the desiqn po in t  f o r  the 

in tegra ted p lug /exc i te r  un i t .  A block diagram of the integrated u n i t  i s  shown. A four-pin 

connector provides 28 vdc pcner, a con t ro l  s i ~ n a l  t o  tu rn  the u n i t  on, and a monitor signal.  

The constant current  regu la tor  holds t l ie current  f lw from the veh ic le  a t  a Iaq constant 

ra te  which v i  r t u a l l y  e l iminates conducted R.F.1, The o s c i l l a t o r  generates a 200 cps pulse 

which swi tches the trans1 stor.  The transformer stores energy ( induct  i ve l y )  and a l so  steps 
I 

the  voltage t o  a s u f f i c i e n t  leve l  t o  break d w n  the dual gaps i n  the spark plug. 









The cmplete  uni t  i s  shown. This un i t  includes the spark plug ( l e f t  end) and a l l  the 

e l e c t r l c a l  conditioning equipment. 





The integrated plug/exciter un i t  and spark i g n i t e r  were Insta l led in the 1500-lb thrust 

SS/APS thruster assembly and R.F.I. tests were conducted. These tests were run i n  the 

Rocketdyne screen room t o  d c t e n l n e  radiated as we1 1 as conducted R.F. I. 









To summarize, the basic ob ject ive  o f  the spark i g n i t e r  por t ion o f  the program was t o  

improve upon the e x i s t i n g  state-of-the-art spark i gn i t ion system, A reduct i on o f  the 

e l e c t r i c a l  power required, the e l iminat ion o f  ReF-I*, the reduction o f  system weight, 

and the el iminat ion of schedule maintenance were speci f i c  goals. 





The spark i g n i t e r  program goals have been achieved. An integrated plug/exci t e r  has been 

designed, fabricated, and tested f o r  the SF/APS appl icat ion.  I t  provides lcw Input  current  

and voltage, low R.F.I., improved r e l i a b i l i t y ,  and 1 w  maintenance. Thus, t h i s  design o f f e r s  

the s o l u t i o n  t o  the  only major problems o f  us lnq the  proven (man-rated) fue l - r l ch ,  augmented 

spark i g n i  t e r  f o r  the Space Shut t le  Auxi 1 f ary Propulsion System thrusters.  

To best i l l u s t r a t e  h w  w e l l  these goals have been met, a comparison i s  made between the 5-2 

and the SS/APS spark systems. E lec t  r l c a l  power has been reduced (4.5 amperes vs 0.12 amperes). 

R.F. I, has been reduced (20 db over MIL-6-6181 t o  3 db under). The weight has been reduced 

(6 lbs  t o  0.6 lbs). The pressurized 48-inch-long, h igh  voltage cable has been e l iminated 

and the SS/APS requires no scheduled maintenance. 



INTEGRATED A P S  S P A R K  PLUG EXCITER 275-82  3- 7 I 1 

COMPARISON WlTH 1-2 SPARK SYSTEM 

J - 2  - 
28 

4.5 AMPERES 

INPUT VDC 

l NPUT CURRENT 

SS/APS 

2 8  

. I2 AMPERES 

360 MlLlJOULES STORED ENERGY 22 M l LL  l JOULES 

a 50/SEC SPARK RATE 

a 6..0 WEIGHT, POUNDS 

* LARGE U N I T  WITH 48 INCH RFI 
HIGH VOLTAGE CABLE 

200/SEC 

~ 0 . 6  

SMALL 'VIELL-SHIELDED UN.IT 

20 DB OVER MI~-~-6181 COMPLIES WITH MIL-1-6181 

@ 28% ENERGY TRANSFER E F F l  C l ENCY 90% 

@ 2% SYSTEM EFF!  C l ENSY 59% 



The SS/APS th ruster  assembly i s  shwn w i t h  the auto- ign i ter  Instal led.  Main thruster  pro- 

p e l l a n t  i g n i t i o n  i s  obtained by a torch ( iden t i ca l  t o  the soark ign i te r ) .  However, the 

i n i t i a l  i g n i t i o n  o f  the torch or  i g n i t e r  propel lant  i s  accomplished i n  a small preburner 

wi thout  the use o f  a spark plug o r  any other external  energy, The energy f o r  I gn i t i on  i s  

obtained from the high pressure propel lants, 





The auto- ign i ter  employs a gas resonance phenomenon t o  heat one of the propellants. The i g n i t e r  

i s  bas ica l l y  two opposed tubes (propel lant i n l e t s )  i n j ec t i ng  i n t o  a larger diameter tube where 

combustion i s  sustained, Experimental e f f o r t s  conducted on Rocketdyne IK&D i n  early 1970 

indicated the most rapid heating and the highest temperatures could be obtained w i th  lw molecular 

weight qases. The hydrogen propel lant  was, therefore, selected f o r  the lead gas, The hydrogen 

i s  introduced s l i g h t l y  before (0.005 t o  0.010 sec) the oxygen. The hydrogen resonates I n  the 

oxygen tube and a por t  Ion o f  the hydrogen gas becomes heated (Mode I). The oxygen i s  then in-  

jected i n t o  t h i s  hot hydrogen and ign i tes  (Mode I t ) .  Combustion i s  sustalned i n  the larger dla- 

meter tube, thus provid ing a torch f o r  thruster  igni t ion.  Tlre concept requires no external p w e r  

and, i f  integrated properly, w i l  l make the oxygen and hydrogen propel lants appear v i r t u a l l y  

hypergol i c  from a systems po ln t  o f  view. The goal o f  t h i s  program was t o  demonstrate the feasl- 

b i  1 i t y  o f  t h i s  unproven concept. 





Tests were conducted uslng var iab le  geometry t e s t  hardware. During the i n i  t t a l  heat ing 

eva luat ion  tes ts ,  hydrogen was i n j e c t e d  i n t o  the  resonance cavl ty. A fast-response 

thermocouple was placed at  the end o f  the  resonance cavi t y  t o  measure temperature response 

and absolute value o f  temperature. Resonance c a v i t y  conf igurat ions and other  I g n i t e r  

var iab les  (gap r a t i o  and pressure r a t i o )  were evaluated over a range o f  i n l e t  pressures 

and f lowrates. The geometry was opt imized. Temperatures up t o  3000' R were recorded. 

Fast response was ind ica ted by reach ing ind ica ted temperatures o f  1000' F i n  approxi matel y 

20 nsec, (Gas temperature response was less than t h a t  ind ica ted by the thermocouple.) 





The var iable geometry tes t  hardware was a lso used f o r  combustion tests w i  t h  only minor 

modifications. An ox id izer  valve was I ns ta l l ed  a t  the end o f  the resonance cav i t y  where 

the thermocouple had been prevlously. 106 c a h u s t  ion tes ts  were conducted. Hydrogen leads 

down t o  3 msec resul ted i n  iqnlt ians. Response from e l e c t r i c a l  signal t o  90 percent o f  

i g n i t e r  chamber pressure of from 0.020 t o  0.030 sec were obtalned. The basic f eas ib i l  I t y  

o f  the concept was demonstrated w i t h  t h i s  workhorse-type hardware. These data were then 

used t o  design an lgn i  t e r  which would integrate i n t o  the SS/APS i n j ec to r  and thrust  chamber. 













The design i s  s im i l a r  t o  the workhorse-type igni ter ,  The resonance cav i t y  and other 

c r i t i c a l  dimensions are ident ical .  Oxidizer I s  used t o  coo1 the i q n i t e r  and i s  in jected 

i n t o  the i g n i t e r  exhaust a t  the thruster  i n j ec to r  face plane. 194 canbustion tes ts  were 

conducted over a range o f  i n l e t  condit ions and f l w r a t e s ,  Tests were conducted success- 

f u l l y  w i t h  hydrogen propel lant  temperatures d w n  t o  201° R and oxygen propel lant  tempera- 

tures down t o  277' R. 







AUTO IGNITER TEST RESULTS 
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This t es t  program was i n i t i a t e d  w i t h  e i gh t  " i gn i t e r  only" tests a t  sea level  conditions t o  

evaluate sequencing (a1 1  previous tes ts  were conducted on an " i qn i t e r  onlyM fac i  1 i t y  a t  

a l t i ' tude conditions). A l l  e ight  tes ts  resul ted i n  rapid igni t ions.  A series o f  s i x  tes ts  

was then conducted w i t h  ambient propel lants. A l l  tes ts  resul ted i n  successful thruster  

ign i t ions.  The f i n a l  ser ies o f  tes ts  was successful ly conducted w i th  co ld  propel lants 

(250° R hydrogen and 375" R oxygen). During these 14 tes ts  w i th  condi t toned thruster  pro- 

pe l  lants, i qn l  ter  mixture r a t i o  and f lowrates were varied, 





SUMMARY 

The auto-i gn i t e r  technique employing resonance heating has been systemat l ca l  l y  investigated. 

Variable geometry t es t  hardware was used t o  optlmlze i g n i t e r  geometry. An auto- igni ter  was 

tested i n  an " i gn i t e r  only" faci 1 i t y  t o  explore operational I i m i  ts. Complete thruster  

assembly tes ts  were conducted a t  simulated a l  t 1 tude condi t i ons  t o  demonstrate the feasi- 

b i l i t y  o f  the auto- igni ter  t o  i g n i t e  the SS/APS th ruster  without external power and without 

c a t a l y t i c  agents. 



-- -- -- - -  - - 
N O T  REPRODUCIBLE 



SUMMARY 

Auto- igni ter  technique employing resonance heating has been systematical ly Investigated. 

It has progressed from a conceptual Idea t o  a demonstrated feasi b le  SS/APS ignf t ion technique. 

The basic p r inc ip les  o f  operation and design varlables have been investigated experimentally. 

The current i g n i t e r  design has been optimized f o r  ambient tenperature propellants, I t s  opera- 

t i o n  a t  t h i s  design po in t  has been exceptional. Further e f f o r t s  t o  optimize t h i s  i g n i t e r  f o r  

low temperature and incorporate addl t ionaj  design Improvements appear warranted, 



AUTO-IGNITER SUM 

HEATING AND RAPID RESPONSE DEMONSTRATED 

GEOMETRY EFFECTS l NVESTIGAKD 

IGNITION OBTAINED AND COMBUSTION SUSTAINED 

@ OPERATIONAL LIMITS EXPLORED (T€MP. AND PRESSURE) 

THRUSTER IGNITIONS DEMONSTRATED 

@ AUTO-IGNITER E A S  IBILITY DEMONSTRATED 



A prel iminary i g n i t i o n  system design e f f o r t  i s  cu r ren t l y  beinq conducted. This e f f o r t  i s  

scheduled t o  be completed 30 Apri I .  A spark i g n i t e r  system i s  shown closely integrated w i t h  

the thruster  assembly. The i g n i t e r  propel lants are manifolded t o  the  i g n i t e r  immediately 

downstream o f  the maln propel lant  valves. A s ing le  integrated exci ter /p lug u n l t  i s  shown. 

A second u n i t  can be i ns ta l l ed  i f  r e l i a b i l i t y  analysis indicated a requirement f o r  redundancy. 









A prel iminary auto- ignt ter  system design I s  a lso being made f o r  the high pressure SS/APS 

th rus te r  appl ication. For the " i gn i t i on  only" appl ication, no e lec t r i ca l  power i s  required. 

The propellants are manifolded t o  the auto- igni ter  lmed ta te l y  downstream o f  the main pro- 

pe l l an t  valves. Manifold volumes and volumetric flowrates w i l l  provide a short hydrogen 

lead t o  the auto-igniter. A check-valve i s  employed a t  the end o f  the resonance cav i ty  on 

the current designs. Advanced resonance i gni t e r  desiqns are cur ren t l y  being evaluated 

which w i l l  e l iminate the need f o r  the check-valve and w i l l  po ten t i a l l y  operate w l th  any pro- 

pe l l an t  sequencing. 
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I n  support  s f  NASA Lewis Research Center Space Shu t t l e  A u x i l i a r y  

Propuls ion Engine Technology, TRW Systems Group has been per forming 

analyses and t e s t  f i r i n g s  of gaseous hydrogen-oxygen i g n i t e r s  and t h r u s t e r s  

s ince  June o f  1968 (NAS 3-11227). The program p resen t l y  being conducted 

i s  an exper imental  and suppor t ing a n a l y t i c a l  eva lua t i on  o f  c a t a l y s t  bed 

opera t iona l  l i m i t a t i o n s ,  i g n i t e r  s c a l i n g  c r i t e r i a ,  and de l i ve red  p e r f o r -  

mance f o r  a  f l  igh twe igh t  gaseous hydrogen-oxygen t h r u s t e r .  Performance 

of t h i s  c o n t r a c t  was i n i t i a t e d  i n  J u l y  o f  1970. The program ob jec t i ves ,  

r e s u l t s  o f  t he  tasks performed t o  date, and t he  remaining tasks t o  be 

completed a re  descr ibed i n  t h i s  p resen ta t ion .  



PROGRAM OBJECTIVES 

0 ESTABLISH CATALYST OPERATIONAL L I F E  , BOTH STEADY -STATE AND PULSE-MODE 

0 DEVELOP IGNITER FLASHBACK PREVENTION CRITERIA  

0 INVESTIGATE METHODS OF IGNITER RESPONSE ENHANCEMENT 

0 PROVIDE GENERALIZED DESIGN GUIDELINES FOR CATALYTIC I G N I T I O N  OF H2/02 THRUSTERS 

0 EVALUATE OVERALL PERFORMANCE OF A COOLED FLIGHTWEIGHT H2/02 THRUSTER 



The first program task was to determine the catalyst operational life 

with gaseous hydrogen-oxygen propellants for both steady-state and pulse- 

mode f i r i n g s .  Tests were performed under simulated a1 ti tude condi Lions a t  

chamber pressures o f  100 p s i a  and reac t i on  temperatures o f  1800°F. The 

reac to r  t e s t  hardware fab r i ca ted  dur ing  the  performance o f  NAS 3-11227 was 

t o  be u t i l i z e d  f o r  these tes ts .  This  hardware was designed t o  accommodate 

c a t a l y s t  beds o f  var ious length, and i s  instrumented f o r  pressure and 

temperature measurements upstream, downstream, and w i t h i n  the  c a t a l y s t  bed. 



CATALYST L I F E  EVALUATION TESTS 

0 DETERMINE OPERATIONAL L I F E  OF SHELL 405-ABSG AND ENGELHARD MFSA CATALYSTS 

STEADY STATE L I F E  TESTS - EACH CATALYST 

4 0 0 0  SECONDS CONTINUOUS FIRING, 100 PSIA  CHAMBER PRESSURE 

AMB I ENT PROPELLANTS, 1 800" F REACTION TEMPERATURE 

o CYCLIC L I F E  TESTS - 5 0 0 0  PULSES EACH 

SHELL 405-ABSG 70°F PROPELLANTS, REPEATED REACT1 ON TO 1 800°F, 

ENGELHARD MFSA FOLLOWED BY EXTERNAL COOLING TO 1 OOO°F 

SHELL 405-ABSG : -250°F PROPELLANTS, REPEATED REACTION TO 1 800°F, 

FOLLOWED BY EXTERNAL COOLING TO -250°F 

0 DETERMINE EXTENT OF PHYSICAL DAMAGE, VOLUME LOSS, AND LOSS OF ACTIVITY OF THE 

CATALYSTS, USING TECHNIQUES DEVELOPED I N  NAS 3-11227. 
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RETAINING SCREENS 

SHELL 405 - ABSG 
CATALYST \ DIFFUSION 

BED CARTRIDGE I \ 

Disassembled Cata ly t ic  Reactor I g n i t e r  - Mlgh Chamber Pressure 



Continous 4000 second P i  rings were compf e t e d  w i t h  bo th  t h e  She1 1 and 

Engel hard ca ta l ys t s .  Immediately f o l l ow ing  each long-durat ion f i r i n g ,  a f t e r  

cooldown o f  the c a t a l y s t  bed t o  ambient temperature, a 20-second f i r i n g  was 

conducted t o  determine i f  the thermal response o f  the  c a t a l y s t  bed had been 

a f fec ted  by the extended dura t ion  f i r i n g .  These f i gu res  compare the c a t a l y s t  

bed and reac tor  e f f l u e n t  thermal response before and a f t e r  4000 seconds o f  

operat ion w i t h  the  Shel l  c a t a l y s t .  The r e s u l t s  i n d i c a t e  t h a t  the long 

du ra t i on  f i r i n g s  had no detr imenta l  e f f e c t  on the  reac to r  thermal response 

w i t h  ambient temperature propel lan ts .  



TlMC FROM ONSET OF GO2 FLOW (200 MUC OH2 LEAD), SlCONOS 

Catalyst Bed Response Data - Shell 
Catalyst Steady-State L i f e  Tests 

-.- 
TIME FROM O N I l l  OF 0O1 FLOW (200 MUC OM2 MAD), ICCONDS 

Reactor Effluent Response Data - Shell 
Catalyst Steady-Stat9 L i f e  Tests 





I /I I I * RUN 011 - 4000 SECOND FIRING - MR 1.01 
S W N  019 - POST 4000 SECOND TEST - M I  1.U I I 

TlMf FROM ONSET OF GOt FLOW (100 MSEC OH2 UAO), SECONDS T IM  FROM O N P I  Oi ROW (200MSEC OH, UAD), StCONDS 

Catalyst Bed Response Data - Engel hard 
Catalyst Steady-State L I f e  Tests 

Reactor Eff luent Response Data - Engel hard 
Catalyst Steady-State L i f e  Tests 



Ambient temperature propel  l a n t  cyc l  i c  1 i f e  eva lua t ions  were performed 

w i t h  cooldown o f  the  c a t a l y s t  bed t o  1000°F o r  below between pulses. Data 

f rom the  She l l  c a t a l y s t  c y c l i c  l i f e  t e s t s  compare t he  c a t a l y s t  bed and 

reac to r  e f f l u e n t  temperature response before and a f t e r  5000 pulses (15,000 

seconds t o t a l  f i r i n g  t ime) .  It should be noted t h a t  t he  l i f e  t e s t  r eac to r  

hardware and c a t a l y s t  bed con f i gu ra t i ons  were n o t  designed f o r  optimum bed 

response, and t h a t  these t e s t  r e s u l t s  a re  n o t  i n d i c a t i v e  o f  t he  minimum 

a t t a i n a b l e  c a t a l y s t  bed thermal response t imes. 

The data i n d i c a t e  t h a t  some degradat ion o f  c a t a l y s t  bed response and 

reduc t i on  i n  r eac to r  e f f l u e n t  temperatures occurred a f t e r  5000 cyc les o f  

operat ion;  however, t he  c a t a l y s t  was s t i l l  ab le  t o  suppor t  t he  r e a c t i o n  o f  

ambient temperature hydrogen-oxygen. 



-.- 
rlMt FROM ONUT Of 00* FLOW (100 MUC CHI LEAD), SECONDS 

Catalyst Bed Response Data - 
Shell Catalyst Cyclic Life Tests 

..- a," 

TIM PROM ONUT o f   GO^ rtow (100 MSLC G H ~  LLAD), SLCONOS 

Reactor Effluent Response Uata - 
Shell Catalyst Cyclic Life Tests 



Results o f  the c y c l i c  l i f e  t e s t s  w i t h  t he  Engelhard c a t a l y s t  a l so  

i n d i c a t e  t h a t  some degradat ion i n  bed response occurred a f t e r  5000 pulses, 

a l though the  e f f l u e n t  temperature measured on t h e  l a s t  pu lse was n o t  

apprec iab ly  reduced. 

V isual  examinat ion o f  each c a t a l y s t  l oad  a f t e r  t he  c y c l i c  l i f e  t e s t s  

revealed s l i g h t  e ros ion  o f  t he  c a t a l y s t  pe l  l e t s .  Some s i n t e r i n g  toge ther  

o f  t he  She l l  c a t a l y s t  was observed, a l though most o f  t h e  c a t a l y s t  bed 

remained as i n d i v i d u a l  p e l l e t s .  Weight l o s s  o f  each c a t a l y s t  bed was 

approximately seven percent .  



Catalyst Bed Response Data - 
Engelhard Catalyst Cyclic L i f e  Tests 

Reactor Eff luent Response Data - 
Engel hard Catalyst Cycl i c L i f e  Tests 
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SUMMARY O F  CATALYST SURFACE AREA MEASUREMENTS 

TOTAL SURFACE AREA - SQUARE METERS/GRAM 

SHELL 405-ABSG 

I ENGELHARD MFSA I I 9 3 I 8 5  I 



The data i n  t h i s  f i g u r e  was taken from previous TRW sponsored ca ta l ys i s  

research w i t h  Shel l  405, which i s  a lso  used f o r  decomposition o f  hydrazine. 

These r e s u l t s  i nd i ca te  t h a t  the l oss  o f  surface area i s  s t rong ly  dependent 

on operat ing temperature, and i s  no t  a f fec ted  by length  o f  exposure t ime 

from f i v e  minutes t o  a t  l e a s t  f i v e  hours. 

The Shel l  c a t a l y s t  from the 4000 second steady-state l i f e  t e s t  was 

operated a t  bed temperatures up t o  1870°F and had a pos t - tes t  measured 

surface area o f  40 sq. meters/gram, which agrees very we l l  w i t h  the data i n  

t h i s  f i gu re .  Measured surface area a f t e r  the 5000 pulse tes ts  (15,000 

seconds o r  about 4 hours f i r i n g  t ime) w i t h  the  Shel l  c a t a l y s t  was 15 sq. 

meterslgram, i n d i c a t i n g  t h a t  pu l  se-mode opera t i  on has more e f f e c t  on surface 

area l oss  o f  the Shel l  c a t a l y s t  than continuous react ion.  





Under NASA Contract NAS 7-520, i t  was found t h a t  the  determinat ion 

o f  adsorpt ion isotherms o f  hydrogen on ca ta l ys t s  prov ide a very sens i t i ve  

measure o f  the amount o f  ac t i ve  surface metal ava i l ab le  t o  cata lyze chemical 

react ions. For t h i s  contract ,  chemisorption measurements provided a simple 

and rap id  method - o f  determining what e f f e c t  the 1 i f e  t e s t  f i r i n g s  had on 

the ac t i ve  c a t a l y s t  surface. This t ab le  i s  a summary o f  the  hydrogen chemi- 

sorp t ion  data f o r  both the  Shel l  405 and Engelhard MFSA cata lys ts .  Since 

the amount o f  hydrogen chemisorption was propor t iona l  t o  the amount o f  a c t i v e  

surface area, made up of ac t i ve  surface metal ava i l ab le  t o  promote the react ion,  

a 1 i ke amount o f  reduct ion i n  ac t i ve  surface metal occurred. The tab le  a lso  

reveals t h a t  a severe loss  i n  ac t i ve  surface area o f  the  Shel l  c a t a l y s t  occurred 

dur ing the c y c l i c  l i f e  tes ts ,  wh i l e  the Engelhard c a t a l y s t  was no t  as s i g n i f i -  

c a n t l y  af fected,  having much less  ac t i ve  metal content o r i g i n a l l y  than the She1 1 

ca ta l ys t .  These r e s u l t s  are consis tent  w i t h  the measured changes i n  c a t a l y s t  

t o t a l  surface area, as l i s t e d  i n  the previous table.  



SUMMARY OF HYDROGEN CHEMI SORPTION ISOTHERM EXPERIMENTS 

*DUPLICATE EXPERIMENTS WERE RUN FOR EACH OF THESE CASES AND THE LISTED 
UNCERTAINTY REPRESENTS THE SPAN BETWEEN THE EXPERIMENTS. 



The s teady-s tate and cyclic l i f e  t e s t s  w i t h  ambient temperature p rope l l an t s  

were success fu l l y  completed w i t h  each c a t a l y s t  type. Tes t  r e s u l t s  i nd i ca ted  t h a t  

bo th  c a t a l y s t s  were capable o f  cont inued opera t ion  a t  t he  complet ion o f  t h e  1  i f e  

t e s t  f i r i n g s .  

C y c l i c  t e s t s  were conducted w i t h  t h e  She l l  405-ABSG c a t a l y s t  a t  p r o p e l l a n t  

and i n i t i a l  bed temperatures o f  -250°F (117°K). The o b j e c t i v e  o f  t h i s  t e s t  se r i es  

was t o  complete 5000 pulses o f  t h e  reac to r ,  d u r i n g  which t h e  c a t a l y s t  would be 

heated t o  1800°F and then cooled by ex te rna l  means t o  -250°F p r i o r  t o  the  nex t  

pu lse.  Pulse i g n i t i o n s  were achieved a t  -250°F p r o p e l l a n t  and bed temperatures 

f o r  700 successive pulses; however, f a t i g u e  cracks developed i n  the  r e a c t o r  w a l l  

between the  c a t a l y s t  bed and the  l i q u i d  n i t r o g e n  c o o l i n g  mani fo ld .  Con~plet ion 

o f  t h i s  task  has been rescheduled t o  a1 low f o r  m o d i f i c a t i o n  o f  t h e  r e a c t o r  

hardware. 



CONCLUSIONS FROM CATALYST L I F E  TESTS 

a BOTH THE SHELL 405 ABSG AND THE ENGELHARD MFSA CATALYSTS EFFECTIVELY PROMOTE THE 

REACTION OF GASEOUS HYDROGEN AND OXYGEN FOR STEADY-STATE RUN DURATIONS OF AT LEAST 

4000 SECONDS. 

e AT LEAST 5 0 0 0  PULSES WITH AMBIENT TEMPERATURE PROPELLANTS CAN BE ACHIEVED WITH 

EITHER CATALYST, ALTHOUGH LOSS OF SURFACE AREA MAY AFFECT LOW TEMPERATURE REACTION. 

e SATISFACTORY REACTION CAN BE ATTAINED WITH THE SHELL 405-ABSG CATALYST AT -250°F. 
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CATALYTIC I G N I T E R  I N V E S T 1  GATIONS 

e CONDUCT TESTS TO DETERMINE VARIABLES INFLUENCING/CONTROLLING FLASHBACK 
OF FLAME FRONT FROM CATALYST BED TO M I X I N G  INJECTOR. 2 

0 

P 
e DETERMINE ATTAINABLE CATALYST BED RESPONSE AND EVALUATE METHODS OF 8 

IMPROVING OVERALL I G N I T E R  RESPONSE. E 
DEVELOP GENERALIZED DESIGN GUIDELINES FOR CATALYTIC I G N I T E R S  INCLUDING 8 

Z 
SCALING C R I T E R I A .  c-3 0 



This figure i s  a section view o f  the low chamber pressure reactor used 

fo r  the in jector  flashback and response enhancement t e s t s .  The high PC 

reactor i s  identical in concept but reduced in s i ze .  The mixing section 

between the in jector  and ca ta lys t  bed contains interchangeable sleeve and 

o r i f i c e  plate inse r t s ,  which provide the capabil i ty of varying the gas 

velocity through the mix section.  Further variation of velocity was accom- 

pl ished by using a motorized throat  plug t o  increase pressures, which resul ts  

in decreased flow velocity a t  constant propel l an t  mass flow ra tes  (control led 

by sonic o r i f i c e s ) .  
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AVERAGE 
FLOW 

VELOCITY - 
FT/SEC 

H 2 / 0 2  IGNITER FLASHBACK DATA 

SYMBOL Pc 
LOW 
LOW 
LOW 
LOW 
HI 

CATALYST FLASH BACK 

ENGELHARD N O  
ENGELHARD YES 
SHELL 405 N O  
SHELL 405 YES 
ENGELHARD N O  

MIX SECTION PRESSURE - ATMOSPHERES 



w a 
W W E  

S P W  
C , W @  r 
a U  - w 
n . r  w w 

% I - 3  
E -r .r cc V) 
J L I :  W 
r o 3 a c  
a 0 - -  - m u  

0 
tA L 
v \ 
a 0  
a, s 
L IS, 
01 .F 

3 r 

S V) 
a, a, w L C ,  m t n  
c S S  w w 

.r = I - -  -2 Z * E  - 
s 8 -g .r -I- cc 
0s 0 - r L C , O  

U C ,  X 3 
v , ~ E O W W W  
u u d l  > m 

w 
I: 
C, 

5 
A= 
V) 

aJ 
L 
3 
IS, 
.I- 
rt 

Ln 
.I- 

r 
I--. 

-0 
w 
C, 
i-d 
IS, ..- 
C, 
Ln s 't- -7 C, > 
w C, > I - V ) O  
> x w o w  
8 . t - I :  L 3 C C 
- I - E C ,  ncc o i-d 

E 
IS, 



C 
ccl 
?- 
C, 
?- 

E 
u 



Another technique o f  igniter response enhancement being evaluated i s  

i n j e c t i o n  o f  oxygen downstream o f  the c a t a l y s t  bed. Since most o f  the  response 

time o f  the i g n i t e r  consis ts  o f  thermal delay o f  t he  c a t a l y s t  bed, o v e r a l l  

i g n i t e r  response could be improved i f  i g n i t i o n  could be i n i t i a t e d  downstream 

o f  t he  c a t a l y s t  bed, as shown. This  was attempted by i n j e c t i n g  oxygen down- 

stream o f  the c a t a l y s t  bed wh i l e  hydrogen was i n j e c t e d  from upstream, f i r s t  

w i t h  a  hydrogen lead, then w i t h  simultaneous i n j e c t i o n .  The upstream oxygen 

f low was then i n i t i a t e d  t o  ma in ta in  a  mix tu re  r a t i o  o f  1  :1 w i t h i n  t he  c a t a l y s t  

bed. Overa l l  mixture r a t i o s  as h igh  as 50:l have been inves t iga ted .  



IGNITER RESPONSE ENHANCEMENT 

DOWNSTREAM O2 INJECTION 

(a) IGNITION AT DOWNSTREAM SURFACE OF 
CATALYST BED, M. R 2 10 

MIXTURE 1.y # pi ' 

i (b) STEADY-STATE OPERATION: 

i H2/02 MIXTURE THROUGH CATALYST BED, M. R. -- I .  0 
e 

j PURE O2 INJECTED DOWNSTREAM . 



The most r e a l i s t i c  d e f i n i t i o n  o f  ove ra l l  i g n i t e r  response i s  the t ime 

requ i red  f o r  the e f f l u e n t  gases t o  reach a  temperature s u f f i c i e n t  f o r  i g n i t i o n  

o f  the main th rus te r .  This  i l l u s t r a t i o n  compares the e f f l u e n t  temperature 

response w i t h  and wi thout  downstream oxygen i n j e c t i o n  f o r  the  100 p s i a  i g n i t e r .  

Without oxygen downstream i n j e c t i o n ,  reac tor  e f f l u e n t  temperatures reach 

1200°F i n  600 mi l l iseconds a f t e r  onset o f  p rope l l an t  f lows. I n i t i a l  t es t s  w i t h  

downstream oxygen i n j e c t i o n  were conducted w i t h  a  hydrogen lead through the 

c a t a l y s t  bed, and resu l ted  i n  no i g n i t i o n  o f  the oxygen u n t i l  a u t o i g n i t i o n  

occurred a t  near ly  1000°F. I n j e c t i o n  o f  downstream oxygen simultaneously w i t h  

hydrogen f low achieved e f f l u e n t  temperatures o f  1  200°F i n  approximately 40 mi 11 i - 
seconds, as shown. 

The e f f e c t s  o f  i g n i t i o n  w i t h  oxygen-rich p rope l l an t  mixtures on c a t a l y s t  

1  i f e  w i l l  have t o  be evaluated, a1 though the oxygen-rich i g n i t i o n  t rans ien t  can 

be minimized i n  length  t o  avoid s i n t e r i n g  the  downstream c a t a l y s t  bed p e l l e t s .  
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FLIGHTWEIGHT THRUSTER DEVELOPMENT 

2 
0 

0 DESIGN 3 0  LBF. 15 PSIA COOLED FLIGHTWEIGHT G02/GH2 THRUSTER WITH CATALYTIC PILOT 

BED IGNITER. GL M 

0 FABRICATE TWO FLIGHTWEIGHT THRUSTER ASSEMBLIES. E 
z 

0 CONDUCT INJECTOR SCREENING TESTS, ALSO EMPLOYING THE IMPINGING SHEET INJECTOR S 
FROM NAS 3-1 1227. 3 

0 EVALUATE THRUSTER PERFORMANCE AND DURABILITY FOR PULSE MODE AND STEADY-STATE Ei 
FIRING, INCLUDING A 1800  SECOND SINGLE START TEST. 



I1 l u s t r a t e d  i n  t h i s  f i g u r e  i s  the basic TRW Systems duct-cooled H2/02 

t h r u s t e r  design approach. The nominal design/operat ing condi t ions f o r  the 

s p e c i f i c  hardware shown are 900 I b f  t h r u s t  a t  300 ps ia  chamber pressure. 

With t h i s  design approach, a p o r t i o n  o f  the H2 i s  employed as the  duc t  

cool an t  f l u i d  - w i t h  subsequent i n j e c t i o n  i n t o  the  nozzle convergent region. 

The nozzle throat /d ivergent  regions are f i l m  cooled by the duct  e f f l u e n t  

gases. This. design approach p e m i  t s  a thin-wal l e d  (1 ightweight)  chamber 

design which i s  t r u l y  ad iabat ic  w i t h  a l l  components operat ing w i t h i n  t h e i r  

mater ia l  e l a s t i c  regimes. The disassembled view i l l u s t r a t e s  the  chamber 

s h e l l ,  duct l i n e r ,  coolant  manifold, main prope l lan t  i n j e c t o r ,  and p i l o t  

spark i g n i t e r .  





Analytical investigations were conducted t o  evaluate the thermal 

operating character is t ics  of the subject 30 lbfl15 psia gaseous H2/02 

thruster  - u t i  1 i zi ng TRW Sys tems duct cooled chamber computer programs. 

Thrust chamber wall operating temperatures were computed fo r  a range of 

coolant flow ra tes ,  duct geometries, and chamber wall configurations. 

T h i s  graph i l l u s t r a t e s  typical resu l t s  fo r  one s e t  of design conditions: 

th in  wall chamber she l l ,  a duct coolant flowrate equivalent t o  25% of 

the to ta l  thruster  Hz flowrate, and a duct e x i t  located a t  a contraction 

r a t i o  of 1.6:1. 
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Measured thrust  chamber (steady-state) wall temperature data from the 
high thrust  (900 Ibf @ 300 psia)  t e s t s  are plotted i n  t h i s  f igure fo r  the 
TRW Systems thin-walled duct cooled thruster  design. The maximum chamber 
temperature of about 1320°F was measured i n  the divergent nozzle region a t  
a point corresponding t o  a nozzle expansion r a t i o  of approximately 15:l. 
This part icular  t e s t  data was selected a t  a mixture r a t i o  comparable to  the 
2.5 O/F  specified fo r  the subject low pressure thruster .  Steady-state chamber 
wall temperature data has been obtained encompassing the mixture ra t ios  of 
in te res t  fo r  the high pressure thruster .  



STEADY STATE 
WALL 

TEMPERATURE - 
O F  

EXPERIMENTAL DUCT-COOLED GASEOUS 0 2 / H 2  THRUSTER DATA 



The t h r u s t e r  i n j e c t o r  f a b r i c a t e d  f o r  t h i s  program i s  a  r a i s e d  pos t  

t r i p l e t  design w i t h  a  c e n t r a l l y  l oca ted  i g n i t e r  po r t .  Th is  i s  t he  same 

bas ic  i n j e c t o r  design employed successful1y f o r  t he  900 pound t h r u s t ,  300 

p s i a  chamber pressure t h rus te r .  
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The heat s ink t h r u s t  chamber i s  a lso  compatible w i t h  t he  res idua l  

impinging sheet low chamber pressure i n j e c t o r  from Contract NAS 3-11227. 

I n j e c t o r  screening t e s t s  w i l l  be conducted w i t h  t h i s  i n j e c t o r ,  as we1 1  as 

w i t h  the t r i p l e t  i n j e c t o r ,  t o  ob ta in  performance and chamber w a l l  tempera- 

t u r e  measurements. 



Impinging Sheet Injector (NAS 3-1 1227) and 
Heat Sink Thrust  Chamber, Disassembled 



REMAINING PROGRAM TASKS 

r COMPLETE LOW TEMPERATURE CYCLIC L I F E  TESTS AT -250°F WITH THE SHELL 

4 0 5  - ABSG CATALYST. 

r EVALUATE ADDITIONAL TECHNIQUES OF ENHANCING IGNITER RESPONSE AT 
- 

EACH PRESSURE LEVEL. 

r COMPLETE CORRELATION OF ALL IGNITER DATA TO PROVIDE GENERALIZED 

DESIGN GUIDELINES. 

a FINALIZE COOLED THRUST CHAMBER DESIGN AFTER COMPLETION OF INJECTOR 

TESTS, AND FABRICATE TWO THRUST CHAMBERS. 

r CONDUCT FL IGHTWE I GHT THRUSTER PERFORMANCE AND DURABILITY TESTS, 
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AUXl h l  ARY PROPULSI ON SUBSYSTEM I NVESTI GAT1 ONS 

This paper presents some resu l t s  o f  technology inves t iga t ions  t o  es tab l i sh  what e f f o r t s  need t o  
be undertaken t o  grovi  de the data and exper i ence necessary t o  set  requi rements and establ i sh des i gns 
f o r  the Space Shu t t i e  Vehicie A u x i l i a r y  Propulsion Subsystem (APS). The APS performs the veh ic le  pro- 
pu ls ion  func t i on  from the completion o f  main engine boost through completion o f  re-entry  when veh ic le  
con t ro l  i s  accomplished by aerodynamic forces. This includes a t t i t u d e  con t ro l  o f  the booster and a t t i -  
tude con t ro l  and o r b i t a l  maneuvering o f  the  o r b i t e r .  The resu l t s  and e f f o r t s  described emphasize t h e  
subsystem and storage, cond i t ion ing  and d i s t r i b u t i o n  assembly requirements and depends, f o r  completeness, 
on component technology, p a r t i c u l a r l y  i n  the storage and th rus to r  areas, being developed i n  p a r a l l e l  
e f f o r t s .  

MOT1 VAT1 ON AND OBJECT1 VE 

H is to ry  shows f i r s t  estimates o f  advanced systems development cost  a re  low. The costs r i s e  
i n i t i a l l y  as d e t a i l  design of subsystems and components t o  meet the  establ ished requirement i s  accom- 
p l i shed then more abrupt ly  w i t h  the  advent o f  experimental component and subsystem data. One cause o f  
t h i s  r i s e ,  dur ing  the  e a r l y  years o f  t he  development period, i s  the h igher  frequency o f  "unpleasant 
d iscover iest t  which requ i re  unplanned changes and expenditures t o  cor rec t .  As the  p ro jec t  progresses 
the  p r o b a b i l i t y  of "unpleasant discoveriesi t  decreases thus increasing the l i k e l i h o o d  o f  estimated costs 
t r u l y  r e f l e c t i n g  the  f i n a l  p ro jec t  costs. 

Rscognit ion o f  these cha rac te r i s t i cs  provides a st rong mot iva t ion  f o r  technology and advanced develop- 
ment e f f o r t .  This e f f o r t  would es tab l i sh  d i r e c t l y  app l icab le  technical  data f o r  use i n  s e t t i n g  development 
requirements t h a t  t r u l y  r e f l e c t  those needed t o  achieve the  development ob jec t i ve  and are r e a l i s t i c a l l y  
based on known hardware c a p a b i l i t i e s .  Also t h i s  e f f o r t  w i l l  prov ide knowledge o f  po ten t i a l  development 
problems and appropr iate so lu t ions  reduci ng the  probabi 1 i t y  o f  "surpr isestt  o r  "unpleasant d iscover ies"  
i n  the p ro jec t .  

The development o f  the Shu t t l e  Vehic le APS w i l l  most l i k e l y  experience the  same cha rac te r i s t i cs  as 
past development programs unless e f f o r t s  a re  expended ea r l y  t o  establ  i sh techni ca l  knowledge upon which 
t o  base r e a l i s t i c  requirements. Such an e f f o r t  i s  described i n  the  fo l l ow ing  char ts  and has the o b j e c t i v e  
o f  es tab l i sh ing  a technical  base t o  support subsystem design and i n i t i a t e  component development. 



MARSHALL SPACE FLIGHT CENTER 
S&t- A S  IN- t' tJ 

MOTIVATION AND OBJECTIVE 

High probability of "unpleasant 
discoveries'' dur ing  early years 

Impact of "unpleasant discovery" 
-Date 
-Nature 

- 
Start 

Development Period End 

Necessary Objective 

Establish technical base to support subsystem design A$ Cost 
and init iate component development t I 
@ Demonstrate subsystem performance and operation I / 

Validate component requirements 

Basis for mechanical and environmental design 
requirements 

In i t ia l  assessment of life, cost and maintenance understated real istie overstat& 

REQU l REMENPS 
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ORB I TER 
ORBITAL MANEUVERING ACCOMPLISHED BY MULTIPLE GAS/GAS .4CP T H R U S T g G  - 

Two basic APS approaches are available. The first consists of employing a single system to 
perform all the APS propulsion requirements. For this case a high pressure, turbopump based system 
was selected and a basic system configuration established to meet the current shuttle groundrules 
and constraints. Several major decisions remain including hardware commonality between orbiter and 
booster and the degree of integration with other cryogen using subsystems. 
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Total Impulse = 12-13 x 106 lb-sec 153-58 x lo6 N-sec) 
Mission Duration = 7 days 

Turbopump Based System 

Surface Tension 
Pressurization 

High Pressure Ratio Turbine 

Major Decisions Remaining 
Extent of commonality . l ntegration with other subsystems 
Control system 

Mass o Malfunction detection and isolation 
35m lb 
(lb6m kg) 



ORB! TER -- 
ORBITAL MANEUVERING AND ATTiTUDE CONTROL ACCOMPLiSHED BY SEPARATE THRUST D E V i C E S  

The second approach consists o f  employing one system, the a t t i t u d e  cont ro l  propulsion s&bsystem 
(AcPS) , t o  perform a1 1 a t t l  tude cont ro l  and small o r b i t a l  maneuver proguls ion requi rements (-3fi lb-sec) 
and a second, the  o r b i t a l  maneuvering subsystem (OMS), f o r  the major o r b i t a l  maneuver requirements 
( -  10 M lb-sec.). The conf igura t ion  cu r ren t l y  selected f o r  t he  ACPS i s  again a h igh pressure turbo- 
pump based system whi le  the  OMS could be a l i q u i d / l i q u i d  th rus te r  fed  from e i t h e r  the ACPS turbo- 
machinery o r  from i t s  own separate turbomachinery o r  an RL-10 der iva t ive .  This overa l l  system approach 
has received less de ta i l ed  i n v e s t i g a t i o q t h u s  there  are more decisions remaining t o  be made. 
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Note: 
Total I mpulse = 12- 13 x lo6 lb-sec 153-58 x lo6 N-secl 
Mission Duration = 7 days 

iurbopunlp Based System 

Surface Tension 

Pump Discharge Pressure I' 
1300-2600 psi% 
(8.9- 17.9 x 10 ~ l m ~ )  

Major Decisions Zernaii~in, 
1 ntegrated or  separate OMP 
New or existing OME 

Mass 6 Extent of commonality 
35000 to 36300 I b Integration with other systems 
(15870 to 16460 kg) Series (reburn) or parallel Hx 

Thruster cooling (inlet pressure) 
9 Integral or separat3 ACPlOMP tanka9 

Csntrol System 
Malfunction r)r?tection and isolation 
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Vacuum Jackets 

Pressure Vessel Cycle Life 
Propellant Acquisition Small Separate Tanks 400 181 400 181 
Turbopump Response Reduce Response Requirement 300 136 300 136 _ Thruster Life Increase Coolant 300 136 90 4 1 

*Orbital Maneuvering Accomplished by Multiple GaslGas ACP Thrusters 
**Orbital Maneuvering and Attitude Control Accomplished by Separate Thrust Devices 

Reduce Requirement 
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Note: 
Total Impulse = 0.8-1.0 x lo6 lb-sec (3.5-4.5 x lo6 N-sec) 
Mission Duration = 6 min  to 4 hr 

~ e l i u m  Surface Tension 
Pressurization Screen Propellant 

Liquid Storage Acquisition 
(1111 O K )  

High Pressure 
Ratio Turbine 

Major Decisions Remaining 
Mass 
4900 I b 

0 Extent of Commonality 

(2222 kg) 
l ntegration with other systems 
Series (Reburn) or  parallel I-tx 

Thruster cooling (inlet pressure) 
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Reburn Heat Exchanger 

Areas of Concern Alternatives Mass Sensitivity 

( lbm211bf-sec) (kq21~-sec) 
ACP Thruster Performance R a u c e  Requirement 11 0.5 
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MARSHALL SPACE FLIGHT CENTER BREADBOARD DEFINITION, DESIGN, 
SCIENCE & EN AND FABRI CATION 

Establish breadboard design 

-Flow schematics, f lu id  and thermodynamic models, 
control logic 

-Component functional and performance requirements 

-Interconnect and support component design and 
fabricat ion 

Update configuration and design to  ensure proper 
modeling of important subsystem characteristics 

-Abil ity to alter cr i t ical parameters 

I ncorporate component experience from cri t ical 
component demonstrations 

WART No. 









Volumes and Line Routings 
Depend on Vehicles to be Configured 
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Analyze, design, fabricate, and test cr i t ical 
components that require new tech nology 

-Design for desired requirements 

-Determine achievable performance 

-Evaluate operation and l i fe  

After test, deliver fo r  breadboard 
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CR IT1 CAL COMPONENTS 

TURBOPUMP AND GG THERMO COND ITIONER 

Parameter H7 02- Parameter 9 07 

PC, psia 50-500 50-500 
TG* O R  1860-3500 1860 
THO, 'R 100-300 200-600 

P 1 N, psia 800-2800 800-2800 

-- 

WART No. 
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CR IT1 CAL COMPONENTS 

TURBOPUMP AND GG THERMO CONDITIONER 

Parameter H7 0 7  Parameter H7 09 

WMAX, kglsec 3.4 

Qscreen, W * 0 
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INJECTOR PERFORMANCE, 

HEAT FLUX AND F I L M  COOLING 

I N  02/H2 ENGINES 

MANNED SPACECRAFT CENTER 

THERMOCHEMICAL TEST AREA 

ROBERT K. WILL IAMS JAMES E. BOUVIER 



THE MANNED SPACECRAFT CENTER (MSC) A T  HOUSTON, TEXAS, HAS BEEN CONDUCTING 

AN IN-HOUSE GASEOUS HYDROGEN/GASEOUS OXYGEN (GH2/G02) ROCKET ENGINE TEST 

PROGRAM FOR THE PAST 2 YEARS. 

THE I N I T I A L  OBJECTIVE OF THE PROGRAM WAS TO GAIN  EXPERIENCE WITH USING 

GH2 AND GO2 AS  ROCKET ENGINE PROPELLANTS AND RE-ORIENT OUR F A C I L I T I E S  FROM 

THE L I Q U I D ,  HYPERGOLIC ROCKET ENGINE AND ENGINE SYSTEMS. THE SPECIF IC  

OBJECTIVES ARE L I S T E D  I N  FIGURE 1. 



PROGRAM OBJECTIVES 

@ DEFINE IMPORTANT INJECTOR PARAMETERS 

@ EVALUATE VARIOUS INJECTOR TECHNIQUES 

@ EVALUATE GEOMETRY EFFECTS OF COMBUSTION 

CHAMBER L*,  L'AND CR 

@ DETERMINE COMBUSTION CHAMBER 

HEATING RATES 

@ EVALUATE COMBUSTION CHAMBER COOLING 

WITH GASEOUS HYDROGEN 

FIGURE 1 



THREE BASIC TYPES OF INJECTION TECHNIQUES WERE STUDIED. THE FIRST TYPE WAS 

A BASIC SHOWERHEAD INJECTOR WITH A REMOVABLE INJECTOR PLATE TO ALLOW SEVERAL 

VARIATIONS OF THE BASIC SHOWERHEAD. FIGURE 2 SHOWS ONE OF THE VARIATIONS - 
AN IMPINGING STREAM INJECTOR. A HIGH PRESSURE DROP SHOWERHEAD, A LOW PRESSURE 

DROP SHOWERHEAD AND A DOUBLET ARRAY WERE TESTED. A SPARK IGNITION SYSTEM 

WAS USED FOR ALL THE ENGINES TESTED. 





THE SECOND TYPE OF INJECTOR TESTED WAS A SHEET-ON-SHEET INJECTOR. THE INJECTOR 

HAD CHANGEABLE ELEMENTS TO ALLOW PROPELLANT IMPINGEMENT ANGLES TO BE VARIED 

BETWEEN 90' AND 0' (OR PARALLEL INJECT ION) .  THE PARALLEL SHEET-ON-SHEET 

INJECT ION CONFIGURATION WAS USED TO DETERMINE THE EFFECTS OF INJECT ION 

VELOCITY AND INJECT ION VELOCITY RAT IO  ON PERFORWNCE, AS  A L L  OTHER MODES 

OF MIXING,  WITH THE EXCEPTION OF VISCOUS, SHEAT TYPE M I X I N G  BETWEEN THE 

TWO PARALLEL SHEETS, ARE ESSENTIALLY ELIMINATED. 





THE TH IRD TYPE OF INJECT ION TECHNIQUE WAS THE CONCENTRIC TUBE INJECTOR AS  

SHOWN I N  FIGURE 4. T H I S  TYPE OF INJECT ION ALLOWS THE HYDROGEN TO BE 

INJECTED AROUND A CENTRAL CORE OF OXYGEN. THE ENGINE S I Z E  CAN BE EX- 

PANDED BY EXPANDING THE NUMBER OF BAS IC  CONETRIC TUBE ELEMENTS. T H I S  

TYPE OF INJECTOR GAVE REASONABLY H IGH PERFORMANCE OVER A WIDE PROPELLANT 

MIXTURE RATIO RANGE AND WAS USED EXTENSIVELY I N  THE COMBUSTION CHAMRER 

WALL HEATING RATE STUDIES AND COMBUSTION CHAMBER F I L M  COOLING STUDIES. 
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FIGURE 5 I S  A P ICTORIAL  OF THE IN-HOUSE DESIGNED H IGH THRUST, LOW CHAMBER 

PRESSURE GH2/G02 ENGINE. T H I S  ENGINE HAS OPERATED AT A THRUST LEVEL OF 

4 5 0  POUNDS (SEA LEVEL)  AND A CHAMBER PRESSURE OF 3 0  P S I A .  I T  I S  ESSENTIALLY 

A CONCENTRIC TUBE INJECTOR WITH A COMBINATION F I L M  AND REGENERATIVELY 

COOLED COMBUSTION CHAMBER. T H I S  ENGINE HAS OPERATED SUCCESSFULLY FOR 

F I R I N G S  UP TO 60 SECONDS DURATION WITH NO DEGRADATION TO THE ALUMINUM 

THROAT SECTION OR TO THE STAINLESS STEEL COMBUSTION CHAMBER L INER.  





AS NOTED EARLIER, THE PARALLEL CONCENTRIC SHEET CONFIGURATION OF THE 

SHEET-ON-SHEET INJECTOR WAS USED TO DETERMINE THE EFFECTS OF INJECT ION 

VELOCITY AND VELOCITY RAT IO  ON PERFORMANCE. FIGURE 6 ILLUSTRATES THE 

EFFECT OF VELOCITY RATIO ON PERFORMANCE. FOR A L L  MIXTURE RATIOS, THE 

PERFORMANCE INCREASES AS THE VELOCITY RATIO INCREASES. 



PARALLEL CONCENT ale SHEET 
INJECTOR EFFECTS OF VELOCITY RATIO 

PERCENT 
THEORETICAL 

EQUILIBRIUM c *  

6 5  
0 2 4 b $1 DO 82 94 

INJECTION VELOCITY RATIO, HYDROGENIOXYGEN 
FIGURE 6 



THE HIGH THRUST, LOW CHAMBER PRESSURE ENGINE (FIGURE 7) WAS USED TO STUDY 

THE EFFECTS OF VARYING PROPELLANT INJECTION TEMPERATURES ON PERFORMANCE. 

THIS ENGINE WAS DESIGNED AROUND A PROPELLANT MIXTURE RATIO OF 3. AT THE 

DESIGN POINT, THE PERFORMANCE LOSS WHEN INJECTION TEMPERATURES ARF 

DROPPED FROM ESSENTIALLY AMBIENT (50' F )  TO -200' F I S  APPROXIMATELY 5%. 





THE EFFECTS ON PERFORNNCE OF COMBUSTION CHAMBER GEOMETRY W S  ALSO STUDIED 

DURING THE MSC IN-HOUSE PROGRAM. FIGURE 8 ILLUSTRATES THE PERFORMANCE EFFECTS 

OF VARYING COMBUSTION CHAMBER L* . NOTE THAT AS L* I S  INCREASED FROM 

10.8 INCHES TO 24.33 INCHES, THE PERFORMANCE OF THE ENGINE INCREASES. HOWEVER, 

AT THE ENGINE DESIGN MIXTURE RAT IO  OF 3, THE ENGINE PERFORMANCE DOES NOT 

CONTINUE TO INCREASE AFTER THE 17.6 INCH LEVEL. 





THE OVERALL INJECTOR PERFORMANCE STUDY I S  SUMMARIZED I N  FIGURE 9. THE H IGH 

AP ( INJECTOR PRESSURE DROP) SHOWERHEAD INJECTOR YIELDED THE HIGHER PERFORMANCE 

OVER THE WIDEST MIXTURE RATIO RANGE. HOWEVER, PRESSURE BUDGET L I M I T A T I O N S  

FOR THE LOW PRESSURE GH2/G02 SYSTEM MAKE T H I S  INJECTOR TYPE NOT FEASIBLE.  

I F  THE INJECTOR HOLES ARE MADE LARGER TO DECREASE THE PRESSURE DROP, THE 

PERFORMANCE, AS INDICATED BY THE LOW AP SHOWERHEAD, I S  SUBSTANTIALLY REDUCED. 

THE SHEET-ON-SHEET INJECTORS GAVE INTERMEDIATE LEVELS OF PERFORMANCE WITH THE 

HIGHEST PERFORMANCE OCCURRING FOR THE HIGHEST INCLUDED ANGLE BETWEEN THE 

PROPELLANT STREAMS. THE MULTIPLE CO-AXIAL OR MULTIPLE CONCENTRIC TUBE I N -  

JECTOR YIELDED REASONABLY HIGH PERFORMANCE OVER A WIDE MIXTURE RAT IO  RANGE, 

AND WHEN THE VARIOUS COOLING TECHNIQUES WERE INTEGRATED INTO H IGH TNRUST, 

LOW CHAMBER PRESSURE ENGINE, THERE WAS VERY L I T T L E  PERFORMANCE PENALTY A T  

THE DESIGN MIXTURE RATIO OF 3. 



NASA-S-71-790 -S 

INJECTOR PERFORMANCE 

ARACTER 
VELOCIT 

FT /SEC 

lo2 -- THEORETICAL 

0 EQUILIBRIUM 

0 SHOWERHEAD 

SHOWERHEAD 
LOW A P  

A CONCENTRIC SHEET, 
40° INJECTION ANG 

A CONCENTRIC SWEET, 
0° INJECTION ANGLE 

FIGURE 9 



FIGURE 10 VERY BRIEFLY SUMMARIZES THE EXTENT OF THE MSC IN-HOUSE TEST EFFORT. 

NOTE THAT EACH OF THE 2000  SEA-LEVEL FIRINGS WAS AN INDIVIDUAL EFFORT, i .e., 

NO PULSE MODE, DUTY CYCLE WORK WAS CONDUCTED. 



PERFORMANCE SUMMAIRY 

APPROXIMATELY 2000 SEA LEVEL FIRINGS AND 

3500 SECONDS ACCUMULATED FIRING DURATION 

THRUST RANGE FROM 15 TO 600 POUNDS 

MIXTURE RATIOS FROM 0.5 TO 10.0 

L* FROM 6 TO 7 0  INCHES 
I \ '  

I 
t I 

SEVERAL CONTINUOUS FIRINGS OF 60  SECOND 
DURATION EACH 

INJECTION TEMPERATURES FROM -200 TO +200 O F  

FIGURE 10 



FIGURE 11 I S  A PHOTOGRAPH OF THE H IGH THRUST, LOW CHAMBER PRESSURE ENGINE F I R I N G  I N  THE 

SEA-LEVEL TEST STAND I N  THE THERMOCHEMICAL TEST AREA AT THE MANNED SPACECRAFT CENTER I N  

HOUSTON. I N I T I A L L Y  THE COMBUSTION CHAMBER AND THROAT WERE WATER-COOLED. HOWEVER, AS  

CONFIDENCE GREW I N  THE HYDROGEN F I L M  COOLING TECHNIQUES, THE WATER WAS TURNED OFF FOR RUN 

DURATIONS OF 60 SECONDS WITH NO HARDWARE DEGRADATION OBSERVED. 





THE OBJECTIVE OF THE MSC IN-HOUSE COMBUSTION CHAMBER COOLING STUDY WAS TO 

DETERMINE COMBUSTION CHAMBER HEATING RATES FOR LOW AND H IGH CHAMBER PRESSURE 

ENGINES AND TO DETERMINE THE EFFECTIVENESS OF USING GASEOUS HYDROGEN FOR 

COMBUSTION CHAMBER COOLING. A L L  WORK WAS DONE WITH AMBIENT TEMPERATURE 

GASES. THERE WERE TWO P COOLING STUDIED, F I L M  COOLING 

AND REGENERATIVE COOLING 

03 
FIGURE 12 I S  A PICTURE OF THE CO CHAMBER ASSEMBLY USED I N  THE LAST 

4 
0 PHASE OF THE LOW CHAMBER PRESSURE, F I L M  COOLED ENGINE STUDY. T H I S  PICTURE 

ILLUSTRATES THE INTEGRATION OF THE VARIOUS COOLING MECHANISMS INTO A SINGLE 

COMBUSTION CHAMBER DESIGN. SHOWN ARE THE PRIMARY F I L M  COOLING PORTS A T  THE 

INJECTOR, THE ANNULUS AROUND THE COMBUSTION CHAMBER USED FOR REGENERATIVE 

OR DOWNPASS DUMP COOLING AND THE SLOTS I N  THE COMBUSTION CHAMBER L I N E R  USED 

FOR SECONDARY F I L M  COOLING AND THROAT COOLING. 





I N I T I A L L Y ,  TESTS WERE CONDUCTED WITH PRIMARY F I L M  COOLING ONLY I N  ORDER TO 

DETERMINE THE EFFECT OF VARIATIONS I N  PERCENT PRIMARY F I L M  COOLING ON PRO- 

JECTED STEADY STATE COMBUSTION CHAMBER WALL TEMPERATURES, COMBUSTION CHAMBER 

HEATING RATES, ENGINE PERFORMANCE AND THE EFFECT OF CHAMBER PRESSURE ON 

COMBUSTION CHAMBER HEATING RATES. 

THE ENGINE USED FOR THE PRIMARY F I L M  COOLING STUDY WAS A LOW CHAMBER PRESSURE 

P S I A ) ,  LOW THRUST (18 L B  A T  SEALEVEL) ENGINE WITH A CONCENTRIC TUBE I N -  

TOR. THE HEAT S I N K  COMBUSTION CHAMBER CONFIGURATION HAD AN L* OF 1 7 . 6  

AND A CONTRACTION RATIO OF 3.  

THE PERCENT PRIMARY F I L M  COOLING WAS VARIED BETWEEN 0 AND 33 PERCENT. FIGURE 

13 POINTS OUT THAT 2 0  PERCENT PRIMARY F I L M  COOLING EFFECTIVELY LOWERED THE 

STEADY STATE WALL TEMPERATURES APPROXIMATELY 40 PERCENT. THE COMBUSTION 

A X I A L  LOCATION DOWN THE COMBUSTION CHAMBER WALL, THE MIXTURE RAT IO  AND 

PERCENT PRIMARY F I L M  COOLING, 





FIGURE 1 4  ILLUSTRATES THE EFFECT OF VARIATIONS I N  PERCENT PRIMARY F I L M  COOL- 

ING ON ENGINE PERFORMANCE BASED ON c*. THE PERFORMANCE LEVEL FOR MIXTURE 

RATIOS BETWEEN 3 AND 5 AND PERCENT PRIMARY F I L M  COOLING BETWEEN 0 AND 2 0  

WAS 94 TO 96 PERCENT. TESTS WERE CONDUCTED WITH 2 0  PERCENT F I L M  COOLING 

WITH A MEASURED PERFORMANCE PENALTY OF LESS THAN 2 PERCENT BETWEEN MIXTURE 

RATIOS OF 3 AND 5. I N  FACT, 10 PERCENT F I L M  COOLING WAS USED WITH NO MEAS- 

URED PERFORMANCE PENALTY. 





THE SAME ENGINE CONFIGURATION USED FOR LOW CHAMBER PRESSURE DATA WAS USED 

TO OBTAIN HIGH CHAMBER PRESSURE ENGINE DATA. FIGURE 15 ILLUSTRATES THE 

EFFECT OF VARIATIONS IN PERCENT PRIMARY FILM COOLING ON COMBUSTION CHAMBER 

HEATING RATES. TWENTY PERCENT FILM COOLING LOWERED THE COMBUSTION CHAMBER 

HEATING RATES TO THE APPROXIMATE LEVEL OF THE HEATING RATES FOR 30 PSIA 

CHAMBER PRESSURE INDICATED BY THE DOTTED LINE. AN ADDITIONAL 13 PERCENT 

COOLING DID NOT SIGNIFICANTLY LOWER THE HEATING RATES BELOW THAT FOR 20 

PERCENT COOLING. THIS DATA WAS TAKEN APPROXIMATELY 4.5 INCHES FROM THE 

INJECTOR FACE. 





FIGURE 16 SHOWS THE EFFECT OF VARIATIONS I N  PERCENT PRIMARY F I L M  COOLING ON 

ENGINE PERFORMNCE BASED ON C* AT A CHAMBER PRESSURE OF 3 0 0  P S I A .  TWENTY 

PERCENT F I L M  COOLING WAS USED WITH A MEASURED PERFORMANCE PENALTY OF LESS 

THAN 2 PERCENT FOR MIXTURE RATIOS BETWEEN 3 AND 5. I N  FACT, FOR THE DESIGN 

MIXTURE RAT IO  OF 3, THERE WAS NO MEASURED PERFORMANCE PENALTY. THE PERFOR- 

MANCE LEVEL FOR 2 0  PERCENT F I L M  COOLING BETWEEN MIXTURE RATIOS OF 3 AND 5 

WAS 9 5  t o  9 7  PERCENT. 





A T  THE CONCLUSION OF 'THEPRIMARY F I L M  COOLING STUDY, I N  ORDER TO REDUCE 

THE COMBUSTION CHAMBER WALL TEMPEPJITURES, THE COMBUSTION CHAMBER ASSEM- 

BLY USED I N  THE PRIMARY F I L M  COOLING STUDY WAS MODIFIED TO ADAPT REGEN- 

ERATIVE OR DOWNPASS DUMP COOLING. A COPPER COMBUSTION CHAMBER WITH A 

STAINLESS STEEL L I N E R  HAVING THE SAME L* AND CONTRACTION RATIO AS THAT 

USED I N  THE PRIMARY F I L M  COOLING STUDY WAS USED. THE DATA ON FIGURE 17 

I S  FROM A 20 SECOND STEADY STATE F I R I N G .  TWENTY THREE PERCENT REGENER- 

A T I V E  COOLING WAS USED WITH 23 PERCENT PRIMARY F I L M  COOLING. A PERFOR- 

MANCE LEVEL OF 95 PERCENT WAS MAINTAINED WITH A MAXIMUM COMBUSTION CHAMBER 

L I N E R  TEMPERATURE OF ONLY 840°  F. 



REGENERAT VE COOLED ENG 
LOW PRESSURE * LOW THRUST 

CHAMBER PRESSURE 30 PSlA 

THRUST 18 LBF 

REGENERATIVE COOL1 NG 23% 

PERFORMANCE 95 '/. 

MAXIMUM COMBUSTION 
CHAMBER LINER 
TEMPERATURE 840'F 



AFTER I T  WAS DEMONSTRATED THAT THE LOW THRUST, LOW CHAMBER PRESSURE ENGINE COULD BE. 

COOLED WITH STEADY STATE OPERATION AND M A I N T A I N  A H IGH PERFORMANCE LEVEL, THE COM- 

BUSTION CHAMBER HARDWARE WAS MODIFIED TO ADAPT A COMBINATION OF PRIMARY F I L M  COOLING, 

SECONDARY F I L M  COOLING AND REGENERATIVE COOLING. ALTHOUGH I T  WAS DESIRABLE TO 

INTRODUCE THE HYDROGEN FOR SECONDARY F I L M  COOLING INTO THE COMBUSTION CHAMBER A T  A 

SHALLOW ANGLE, ANGLES OF LESS THAN 1 5  DEGREES WERE D I F F I C U L T  TO MACHINE I N  THE COM- 

BUSTION CHAMBER L INER.  A COMPROMISING ANGLE OF 1 5  DEGREES WAS USED I N I T I A L L Y  AS 

INDICATED I N  FIGURE 18. T H I S  CREATED AN UNFAVORABLE FLOW SITUATION. FOR COOLANT 

FLOW RATES HIGHER THAN 1 7  PERCENT A SUBSTANTIAL AMOUNT OF THE INJECTED HYDROGEN WAS 

SEPARATING FROM THE COMBUSTION CHAMBER WALL AFFORDING L I T T L E  OR NO THERMAL PROTECTION 

TO THE WALL. I N  FACT, AS THE COOLANT MASS FLOW WAS REDUCED AND SEPARATION WAS 

SUPPRESSED SOMEWHAT, THE WALL TEMPERATURE DECREASED 'DUE TO THE ADDITIONAL HYDROGEN 

ATTACHING TO THE WALL. SEPARATION WAS M I N I M I Z E D  AT 1 7  PERCENT. USING THE SAME 

INJECT ION ANGLE, LARGER INJECT ION PORTS WERE USED TO LOWER THE COOLANT INJECT ION 

VELOCITIES (DOTTED LINES). THIS IMPROVED THE SITUATION BUT DID NOT CORRECT IT. THE 

DATA IND ICATED THAT I F  SECONDARY F I L M  COOLING WAS TO BE USED EFFECTIVELY, INJECT ION 

PARALLEL TO THE COMBUSTION CHAMBER WALL WAS NECESSARY. 





T H I S  CONCEPT WAS IMPLEMENTED INTO THE DESIGN OF THE COMBUSTION CHAMBER FOR THE 

FILM COOLED LOW CHAMBER PRESSURE - HIGH THRUST ENGINE (FIGURE 1 2 ) .  FIGURE 19 

SHOWS THAT I N  T H I S  2 0  SECOND STEADY STATE F IR ING,  WHERE APPROXIMATELY 5 PERCENT 

OF THE HYDROGEN WAS USED FOR PRIMARY F I L M  COOLING AND 2 0  PERCENT WAS USED FOR 

REGENERATIVE AND SECONDARY F I L M  COOLING, A PERFORMANCE LEVEL OF 95 PERCENT 

WAS MAINTAINED; YET THE MAXIMUM COMBUSTION CHAMBER L I N E R  TEMPERATURES WAS 

ONLY 3 2 5 "  F. T H I S  DATA INOICATES THAT THE AMOUNT OF HYDROGEN USED FOR COOLING 

COULD BE REDUCED SUBSTANTIALLY AND THUS FURTHER INCREASE ENGINE PERFORMANCE. 



LOW CHAMBER PRESSURE = HIGH THRUST 
Fl-LM COOLED ENGINE 

CHAMBER PRESSURE 30 BSIA 

THRUST LEVEL 

STEADY STATE 

PERFORMANCE 

4 5 0  LBF 

2 0  SECONDS 

9 5  PERCENT 

M A X I M U M  COMBUSTION 325 O F  

CHAMBER LINER 

TEMPERATURE 



I N  SUMMARY, THE SUCCESSFUL STEADY STATE F I R I N G  OF THE F I L M  COOLED LOW PRESSURE - 
HIGH THRUST ENGINE, AND THE DEMONSTRATION THAT THE HEATING RATES AT A CHAMBER 

PRESSURE OF 3 0 0  P S I A  COULD BE REDUCED TO THE LEVEL FOR 3 0  P S I A  WITH L I T T L E  

OR NO PERFORMANCE PENALTY, INDICATES THAT GASEOUS HYDROGEN CAN BE USED 

EFFECTIVELY TO COOL THE COMBUSTION CHAMBER FOR HIGH PRESSURE ENGINES AS WELL 

AS LOW PRESSURE ENGINES. 
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OBJECTIVES 

THE OBJECTIVES OF THE HIGH AND LOW PRESSURE AUXILIARY PROPULSION SUBSYSTEM (APS) STUDIES 

WERE TO DEFINE FOR BOTH BOOSTER AND ORBITER ELEMENTS THOSE 02/H2 APS CONFIGURATIONS CAPABLE 

OF MEETING THE SPACE SHUTTLE REQUIREMENTS. BOTH PROGRAMS WERE DIVIDED INTO TWO SUBTASKS. I N  

SUBTASK A THE EFFORTS WERE DIRECTED TO CONFIGURE AND EVALUATE CONCEPTUAL APS CANDIDATES FOR 

BOTH BOOSTER AND ORBITER ELEMENTS AS SPECIFIED I N  THE NASA AUXILIARY PROPULSION SUBSYSTEM 

SSVDRD OF 1 JULY 1 9 7 0  WHEREIN.THE APS WOULD BE CAPABLE OF THE FOLLOWING: 

BASELINE ANALYSIS - (1 ) APS ORBITER PERFORMS ALL VEHICLE ANGLES 
2 
tS3 

( 2 )  ALL TRANSLATION MANEUVERS, X Y Z 
t? 

!z 
(3 )  ALL TRANSLATION MANEUVERS EXCEPT PLUS X TRANSLATION BURNSJSO FPS W 

(4 )  ALL TRANSLATION MANEUVERS EXCEPT PLUS X TRANSLATION b10 FPS Z 
S 

THE SELECTED SYSTEMS WERE TO ALSO BE EVALUATED I N  TERMS OF-: 

MINIMUM NEW TECHNOLOGY 

S IMPLIC ITY 

e R E L I A B I L I T Y  

0 SYSTEM PERFORMANCE 

I N  SUBTASK B SELECTED SYSTEMS FROM SUBTASK A WERE 10 BE EVdLUATED I N  DETA IL  TO ESTABLISH 

APS DESIGN REQUIREMENTS. THE EFFORTS WERE CULMINATED WITH AN I D E N T I F I C A T I O N  OF THE CRPf  I C A L  

TECHNOLOGY AREAS FOR THE SELECTED CYCLES. 



COMf RACP TASKS 

THE CONTRACT SUMMARY TASKS WERE AS FOLLOWS: 

SUBTASK A 

CONFIGURE AND EVALUATE CONCEPTUAL AUXILIARY PROPULSION SUBSYSTEM CANDIDATES FOR 
BOTH BOOSTER AND ORBITER ELEMENTS, SSVDRD, 1 JULY 1970. 

e SUBSYSTEM SCHEMATICS e PRELIMINARY OPERATING POINTS 

e THERMODYNAMIC BALANCES I DENT1 F I  CATION OF CRITICAL TECHNOLOGY 

e COMPONENT PARAMETRI CS e RECOMMEND BASELINE SYSTEMS 

SUBTASK B 

CONDUCT PRELIMINARY DESIGN AND ANALYSIS SELECTED SYSTEMS WITH UPDATED SSVDRD 
REQUIREMENTS OF 1 5  OCTOBER 1970. 

e SUBSYSTEM DEFINITION e RELIABILITY/MAINTAINABILITY 
e THERMODYNAMIC BALANCES VEHICLE INTEGRATION 

APS CYCLE DYNAMICS/ e IDENTIFICATION OF CRITICAL TECHNOLOGY 
CONTROL 

THE EFFORTS WERE CONDUCTED BETWEEN 1 JULY 1 9 7 0  AND 1 FEBRUARY 1971. 



HIGH PRESSURE AUXILIARY PROPULSION SUBSYSTEM SUMMARY 

The Space Shuttle High Pressure Auxiliary Propulsion Subsystem (APS) 

Definition Program was an analytical e f for t  to  investigate, for  both  booster 
and orbi t e r  base1 i ne vehicles , candidate oxygen-hydrogen auxi 1 i ary pro- 
pulsion subsystems capable of meeting the Space Shuttle APS requirements, 
The high pressure APS concepts included only those wherein the  propellant 
pressures were raised t o  levels higher than the propellant storage pressures 
in the shut t le  vehicle main tanks. 

The studies indicate that  a pumped and heated l i q u i d  cycle can sat isfy 

the common needs of both the booster and the orbi ter  vehicle). The stored 
propellant pressure is increased from 50 psi to  1100 psi using a turbopump 
driven by separate gas generators and the 1 iquid i s  vaporized and heated 
using a heat exchanger w i t h  energy supplied from a separate gas generation 
source. Conditioned propellants are fed to a propellant distribution 
system consisting of feed1 ine accumulators, propellant distribution manifold 

and pressure regulators. Both the booster and the orbiter use a comon 
1840 l b  thruster. The booster yehicle requires 26 common thrusters and the 
orbi ter  32 a t  a mixture ra t io  df 4 to 6 and a chamber pressure of 306 ps.ia. 

The selected APS was analyzed regarding i t s  capability to perfom bath 

a high velocity and a low velocity increment orbiter mission. Performance 
i s  of prime importance for the high velocity increment missions because o f  

the 27,952 pounds of propellants involved i n  the total  system weight o f  

35,021 pounds. For the low velocity increment mission w i t h  only 3921 pounds 

of propel 1 ants in the total  system weight of 8543 pounds, perfomance i s  a 
secondary consideration and simplicity and high re1 iabil  i t y  become paramount. 

The same single propellant conditioning u n i t  was used for  bo th  vehicles 
w i t h  propellant manifolding running to the ends of the vehicle as required 
t o  supply propellant for the thrusters. Regulators were placed a t  each end 

of the vehicle so that  a long manifold a t  high pressure was a v a i l  ab9e t o  
provide additional accumulator volume required to  supply propel 1 ant. 

The selected APS concept does not require a great deal o f  new technology 

before i t  can be.implemented f o r  use on the space shuttle.  Two areas, 
however, do require additional investigation. They are: propel 1 a n t  acqui- 
s i t ion  and instrumentation particularly for  isolation detection that can 
be done i n  a highly reliable manner. 



LOW PRESSURE AUXILIARY PROPULSION SUBSYSTEM SUMMARY 

The Space Shuttle Low Pressure Auxiliary Propulsion Subsystem (APS) 
Definition Program was a s ix  and one-half month technical e f for t  to  i n -  
vestigate the possibility of uti l izing a complete low pressure propellant 
supply system for  accomplishing the Space Shuttle Vehicle axuil iary pro- 
pul sion system requi rements. Candidate systems were considered only where 
they could function on a pressure schedule compatible w i t h  the vehicle main 
tank ullage vent pressures and provide gaseous propellant flow to the 
thrusters. Specifically, the e f for t  was directed to  establish a prel imi- 

nary auxi 1 i ary propulsion subsystem desi gn and define c r i t ica l  technology 
areas for  the various shuttle vehicle concepts. 

The selected booster cycle is a blowdown system w i t h  only two moving 
conditioner parts: a main tank APS on-off valve operated once d u r i n g  the 
missi~on, and a separator regulator used to vent liquid from a vapor/liquid 
separator which provides gaseous propel 1 ant flows to the thrusters. No 
suppl~ementary propel 1 ants of any type are required. The selected thruster 
operating point i s  a t  a chamber pressure of 11.5 psia, a mixture rat io  of 
2.5 and an E of 3:1. Forty 965 lbf thrusters are used in a sequenced 
maneuvering mode to minimize the s ize of the distribution system. The MR 

s f  2.5 results i n  a minimum propellant withdrawal from the ascent tanks. 
The predicted total  booster APS weight is 6,865 lbs. I t s  total  impulse 
capa$.ility i s  directly dependent on the main tank residuals. 

The orbiter APS requirements and main tank thermodynamics indicate a 
need for  the use of supplementary propellants. The main ascent tanks are 
insufficiently insulated to a1 low eff ic ient  uti l ization of the maximum 
possible residuals i n  i t s  longer mission, as could be done i n  the booster 
i n  i t s  short 6 minute mission. The selected cycle ut i l izes  a mixing car- 
buretor wherein ascent tank gas is mixed w i t h  supplementary fluids which 
have been selectively conditioned. Both active (gas generator) and passive 
(vehicle sensible heat) heat exchangers are possible i n  th i s  cycle. The 
passive system will perform adequately, i f  i t s  area and mass are large 
enough. 

The orbiter APS has forty-four 1032 1 bf thrusters operating a t  a 
chamber pressure of 25 psia, an area ra t io  of 5:l and a mixture rat io  of 
3.1. The cycle ut i l izes  helium pressuri-ation for  simplicity i n  the sup- 
plementary tanks. The weights are 17,990 lbs for  the active system and 
17,569 1 bs for the passive system. 



BASIC CONSTRAINTS 

THE BASIC CONSTRAINTS PLACED ON THE TWO EFFORTS WERE AS FOLLOWS: 

LOW PRESSURE 

e MUST OPERATE WITH A PRESSURE SCHEDULE DICTATED BY THE MAIN VEHICLE TANK 
ULLAGE PRESSURES 

MAXIMIZE USE OF THE MAIN TANK RESIDUALS 

DELIVER GASEOUS PROPELLANT TO THRUSTERS 

INCORPORATE F A I L  OPERATIONAL/FAIL SAFE PRINCIPLES I N  DESIGN TO MEET SSVDRD 
ACCELERATION REQUI REMENTS 

HIGH PRESSURE 

EMPHASIZE OVERALL SYSTEM PERFORMANCE 

0 DETERMINE BEST USE OF ON-BOARD PROPELLANTS 

DELIVER GASEOUS PROPELLANTS TO THRUSTERS 

o INCORPORATE F A I L  OPERATIONAL/FAIL SAFE PRINCIPLES I N  DESIGN 

BOTH SYSTEMS 

@ NO OTHER ON-BOARD INTEGRATION 



Or, 
9 
Or, 

THE VEHICLES SPECIFIED I N  THE 1 JULY 1 9 7 0  SSVDRD HAD SUFFICIENT DIFFERENCES THAT A 

WIDE RANGE OF CONCEPTS WERE POSSIBLE TO BE CONSIDERED FOR BOTH THE LOW AND HIGH PRESSURE 

SYSTEMS. THE REQUIRED NOMINAL MISSION, APS FLOW RATES WERE ALSO QUITE WIDE AND BECAUSE 

OF THESE VARIATIONS AND EXPECTED VEHICLE CHANGES THE SUBTASK A EFFORTS WERE DEVOTED 

LARGELY TO THE GENERATION OF COMPLETE PARAMETRIC DATA FOR THE VARIOUS COMPONENTS OF THE 

CONCEPTUAL CYCLES. THESE DATA WERE THEN USED TO ANALYTICALLY DETERMINE THE PERFORMANCE 

OF THE VARIOUS CYCLES OVER A WIDE RANGE OF FLOW RATES, AS A FUNCTION OF PRESSURE, TEMP- 

ERATURE AND THRUSTER MIXTURE RATIO. 

THE CONCEPTS EVALUATED I N  THE SUBTASK A EFFORTS FOR BOTH EFFORTS AND THEIR APPLI-  

CABILITY ARE SUMMARIZED I N  TABLES I AND 11. THE FACTORS OF MINIMUM TECHNOLOGY REQUIRE- 

MENTS, SIMPLICITY, AND RELIABIL ITY WERE ALSO APPLIED TO THE VARIOUS CONCEPTS I N  ORDER 

TO SELECT CONCEPTS FOR SUBTASK B EVALUATION. 



TABLE I. HIGH PRESSURE CYCLES AND VEHICLE APPLICABILITY 

( 1 )  Pbarlpcd llquid and supcrcritical ~ ~ 1 1 6 %  can also use sml l  propellant storage tanks 
rcrflllrblc f m  the orblt mneuvcrlng ewtne brbepws  for (lorr) and Ifinter- 
mdlrta) orbiter velacity Incment. 

( 2 )  m r r t e  mksup Qnks u s l q  the sentcture as a passlva kert axchanqer can ex&;end 
thr range s t l l l  further. &st rppllcrble as r w o p m 1 l r n . l .  oxygen systm. 



* 
** USING GAS GENERATOR AND HEAT EXCHANGER 

USING ASCENT TANKS OR VEHICLE STRUCTURE 



APS OPERATING POINT SELECTION 

THE FOLLOWING FACTORS WERE CONSIDERED TO DETERMINE THE APS OPERATING POINT: 

PERFORMANCE - OPTIMIZE THRUSTER CHAMBER PRESSURE WITH COOLANT REQUIREMENTS 

THRUSTERS - MIXTURE RATIO SHIFTS DUE TO TEMPERATURE EXCURSIONS 

PROPULSIVE VENT - USE HIGH AS PRESSURE AS POSSIBLE 

PHYCHROMETRIC - REACTION PRODUCTS CONDENSATION AND FREEZING,VENTS, GAS GENERATORS, 
THRUSTERS AND HEAT EXCHANGERS 

PROPELLANT PROPERTIES - OXYGEN COMPRESSIBILITY AND TWO-PHASE FLOW 

IGNITION - TWO-PHASE FLOW EFFECTS 

DISTRIBUTION SYSTEM CONSTRAINTS - PROPELLANT CONDENSATION 

ACCUMULATOR BLOWDOWN RATIOS - RAPID DRAWOFF, ISOTHERMAL DRAWOFF, RECOMPRESSION 

ENVIRONMENTAL - REACTOR SOAKOUT, ENVIRONMENTAL SOAKOUT 

PROPELLANT USE MR VARIABILITY - SIZ ING AND PLACEMENT OF STORAGE BOTTLES 

CYCLE PERFORMANCE REQUIREMENTS - HIGH DELTA-V VERSUS LOW DELTA-V 
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HIGH PRESSURE APS SUMMARY OPERATING POINT FINDINGS 

THE FOLLOWING OPERATING POINTS WERE SELECTED FOR THE PUMPED L I Q U I D  CYCLE: 

MIXTURE RATIO 

a LOW DELTA-V 4- MIXTURE RATIO -* 6 HIGH DELTA-V 

THRUSTER CHAMEKR PRESSURE 

a 3 0 0  PSIA  

REGULATOR PRESSURE 

E X I T  - 4 0 0  PSIA 

a MINIMUM INLET - 608 PSIA  

GAS GENERATOR 

a MIXTURE RATIO 1 : 1 . 

,CONDITIONER 

HIGH DELTA-V: P~~~~ = 1 1 4 0  PSIA, TH = 265'RS To = 31 5OR 

e LOW DELTA-V: P~~~~ = 1140 P S I A S  TH = 400-500QR, To = 400-500°R 



LOW PRESSURE APS SUWARV OPEWTING POINT FINDINGS 

THE FOLLOWING OPERATING POINTS WERE SELECTED: 

MINIMUM ASCENT TANK 

CONDITIONER E X I T  
TEMPERATURE, OR 

MINIMUM CONDITIONER E X I T  
PRESSURE, PSIA 

* 
BASED ON ASCENT TANK EQUILIBRATION ANALYSIS SHOWN 
I N  FIGURE 1 . 

DETAILED PERFORMANCE TRADES REQUIRED TO FINALIZE SELECTIONS. 





SUBTASK B 

SELECTED CYCLES 

HIGH PRESSURE 

THE SELECTED CYCLES FOR THE SUBTASK B HIGH PRESSURE APS EFFORT WERE: 

THE BASIC SELECTED PUMPED L I Q U I D  CYCLE I S  SHOWN I N  FIGURE 2 AS A DUAL GAS 

GENERATOR CYCLE WITH I T S  MAJOR CYCLE FEATURES. THE FINAL THEMDYNAMIC 

BALANCES FOR THE CYCLE ARE SHOWN I N  FIGURE 3. 

THE SELECTED CYCLE SIZING WAS BASED I N  PART UPON A COMMONALITY BETWEEN 

BOOSTER AND ORBITER TO MEET THE DEMANDS GIVEN I N  FIGURE 4 WITH A COMMON 

THRUSTER S IZE  OF 1840 LBF THRUST OPERATING AT 3 0 0  PSIA. 



SELECTED CYCLE 
1 
1 

\ - / 
%---,,-& PROPULSIVE VENT 
O2 ASCENT 

OXYGEN AUGMENIAIIBM 

TANK 

CYCLE FEATURES 

SEQUENCE CONTROLS TO MATCH 
EQU I PMENT DEMANDS 

0 OFF-LINE START ACCUMULATORS TO OPTIMIZE 
STARTUP, PROVIDE SAFING STARTUP 

ABSORBS THRUSTER CYCLING MR VARIABILITY 

r ADAPTABLE TO SEVERAL CONTROL LOGICS 
(1)  HIGH AV - PERFORMANCE 

(2)  LOW AV - SIMPLICITY 

( 2 )  HIGH AV - HE, O2 

AUTO, H2 



FLOWRATE 

TEMPERATURE 

PRESSURE 

BASIC PUMPING CYCLE FLOW DIAGRAM 

4.86 

DEG R 

1100 
FIGURE 3 

LB/SEC 
DEG R 
P S I A  



SELECTION OF COMMON THRUST LEVEL 

f N O T  R E P R O D U C I B L E  I 

32 THRUSTERS ORBITER 
26 THRUSTERS BOOSTER 



FROM THE BASIC CYCLE SEVEWL CYCLES MERE ALSO EVALUATED, FEATURING DIFFERENT 

ARRANGEMENTS OF THE TURBINE/HEAT EXCHANGER ARRANGEMENT, AS SHOWN I N  FIGURES 5 

THROUGH 7 , WHERE THE FEATURES OF EACH ARE INDICATED. THE THERMODYNAMICS OF THE 

CYCLES INDICATE ONLY MINOR PREFERENCE FROM ONE TO THE OTHER: THEREFORE SELECTIONS 

HAVE TO ULTIMATELY BE MADE ON OTHER BASES SUCH AS CONTROL AND WIDE FLOW RANGE 

CAPABILITY. 

CONDITIONING PENALTY. HOWEVER, THEY ARE SUBJECT TO CYCLE CONTROL AND HARDWARE COM- 

PLEXITY DUE TO ASCENT TANK VAPOR DRAWOFF VARIABILITY AND THEY ARE EXPECTED TO BE 

VEHICLE INTEGRATION SENSITIVIE. ALTHOUGH THE WEIGHT TRADEOFFS WERE FAVORABLE THEY 

WERE NOT PURSUED BECAUSE OF THE CONTROLLABILITY QUESTION. 



' 9  
' I -  

P A R A L L E L  T U R B I N E  - H E A T  E X C H A N G E R  A R R A N G E M E N T S  

I 
SINGLE GAS GENERATOR PER S IDE 

SIMPLE GAS GENERATOR CONTROL 

GAS GENERATOR OUTLET TEMPERATURE 
L I M I T  2000°R (O/F -1) 

a NARROW FLOW RANGE CAPABILITY 

MULTIPLE STAGE COMBUSTION WITH COMBINED TURBOPUMP 

0 HIGH O/F OPERATION WITH MINIMUM NUMBER OF GAS 
GENERATORS (PARALLEL) 

r CAN SELECT OPTIMUM TURBINE AND HEAT EXCHANGER 
INLET TEMPERATURES 

a WIDE FLOW RANGE CAPABILITY 

s L I M I T E D  FL.EXIBILITY FOR ONE-SIDE OPERATION 

INDIV IDUAL GAS GENERATORS FOR TURBOPUMPS AND HEAT EXCHANGERS 

0 CAN SELECT OPTIMUM TURBINE AND HEAT EXCHANGER INLET 
\ - \ 4 b  TEMPERATURES (GROWTH POTENTIAL) 

/ a WIDE FLOW RANGE CAPABILITY 

I 
/ L  

F I N E  OUTLET TEMPERATURE CONTROL POSSIBLE 



IN-LINE TURBINE - HEAT EXCHAFlGER ARRANGEMENTS 

SINGLE STAGE COMBUSTION WITH TURBINE UPSTREAM OF 
HEAT EXCHANGER 

FAST STARTUP, CAPABILITY 

e GAS GENERATOR TEMPERATURE L I M I T  2260°R (HIGHER O I F  
THAN PARALLEL) 

TURBINE RUNS HOTTER THAN I N  PARALLEL ARRANGEMENT 
(COOLING COMPLEXITY) 

9 
+' 

r LOWER HEAT EXCHANGER TEMPERATURE D I  FFERENTI AL THAN 
IS PARALLEL ARRANGEMENT 

LOW PRESSURE HEAT EXCHANGER 

e COMPLICATED OFF-DESIGN CONTROL 

SINGLE STAGE COMBUSTION WITH TURBINE DOWNSTREAM OF 
HEAT EXCHANGER 

e LOW TEMPERATURE TURBINE DESIGN POSSIBLE 

e BETTER DYNAMIC COUPLING OF TURBINE AND HEAT 
EXCHANGER 

e REDUCED START CAPABILITY 

@ POSSIBLE MOISTURE CARRYOVER INTO TURBINE - EROSION1 
CORROSION 

FIGURE 6 



IN-LINE TURBINE - HEAT EXCHANGER ARRANGEMENTS 

MULTIPLE STAGE COMBUSTION WITH UPSTREAM TURBINE 

FAST STARTUP CAPABILITY 

e HIGH O/F POSSIBLE I N  SECOND HEAT EXCHANGER 

0 LOW PRESSURE HEAT EXCHANGERS 

HIGH TEMPERATURE TURBINE 

OFF-DESIGN COMPLEXITY 

MULTIPLE STAGE COMBUSTION WITH DOWNSTREAM TURBINE 

REDUCED STARTUP CAPABILITY 

0 HEAT EXCHANGER TEMPERATURE L I M I T  2000°R 

e LOW TEMPERATURE TURBINE 

POSSIBLE MOISTURE CARRY -OVER PROBLEMS 

F I G U R E  7 
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DUAL GAS GENERATOR CYCLE CONTROL SCHEMATIC 

0 O2 HX CONTROLS 

LONG STARTUP T I M E  

a PUMP STARTUP 

1 ) UNLOADED, 5 0 0  MS 

( 2 )  PARTIAL LOAD, 1 2 0 0  MS 

(3 )  DEADHEAD, 1 5 0 0  MS 

----- 

I 
I 

MR CONTROL 



LOW PRESSURE 

THE SELECTED CYCLES FOR THE SUBTASK B 'LOW PRESSURE APS EFFORT WERE: 

e BLOWDOWN (BOOSTER) 

a M I  XING/CARBURETOR (ORBITER) 

ACTIVE CONDIT IONING 
PASSIVE CONDIT IONING 

THE SELECTED BLOWDOWN CYCLE I S  SHOWN I N  FIGURE 8 ALONG WITH F I N A L  THERMODYNAMIC 

BALANCES. THE SELECTED A C T I V E  ORBITER CYCLES ARE SHOWN I N  FIGURES 9 AND 10. 



OXYGEN 
ASCENT 
TANK 

15.5 PSIA 
163'R 

14.5 PSIA 

SIMPLE 

RELIABLE 

MINIMUM TECHNOLOGY 

13.5 PSIA 4 
23.5 LB/SEC 9.37 LB/SEC 
163.R 37.R 
14 PSIA 13.5 PSIA 

P~MJ 

PC - 11.5 PSIA 

FIGURE 8. 





ORBITER SCHEMATIC WITH PASSIVE 

n 
CONDITIONING 

a UTILIZES VEHICL 

SENSIBLE HEAT 
WHERE POSSIBLE 

noo 

FIGURE 10. 



e DISTRIBUTION METWORK FILLED WITH GASEOUS PROPELLANTS TO PROVIDE "ON-DEMAND" CAPABILITY. 

e PROPELLANT ACQUISITION INITIATED BY OPENING ASCENT TANK SHUTOFF VALVES. 

e MIXER HEATING/COOLING MODE DETERMINED BY ASCENT TANK PROPELLANT TEMPERATURE. 

PROPELLANT TEMPERATURE CONTROLLED BY MIXER INLET VALVE USING CLOSED TEMPERATWiE LOOP. 

HEATING GAS TEMPERATURE CONTROLLED WITH GAS GENERATOR VALVES AND CLOSED TEMPERATURE LOOP. 

GAS GENERATOR E FF1 CIENCY MAINTAINED BY TRIMMING FUEL VALVE THROUGH CLOSED TEMPERATURE LOOP. 

e ASCENT TANK PRESSURE MAINTAINED BY ON/OFF VALVE AND PRESSURE LOOP. 

a THRUST PROVIDED BY ACTUATING THRUSTER VALVE AND IGNITER PACKAGE. 



LOW PRESSURE BOOSTER CYCLE OPERATION .- 

a PROPELLANT PLACED I N  DISTRIBUTION N E W I R K  TO PROVIDE I N I T I A L  DEMAND OPERATION 

a MAIN VALVES OPEN 

r SEPARATOR - VORTEX GENERATOR PROVIDE GASEOUS PROPELLANTS 

THRUSTERS OPERATED BY ACTUATING THRUSTER VALVES 



THIS P A G E  INTENTIONALLY L E F T  BLANK 



LOW PRESSURE SYSTEM UNKNOWN 

BOOSTER 

a PROPELLANT CONDENSATION I N  DISTRIBUTION 
NETWORK 

IGNITION OF TWO-PHASE FLOW I N  IGNITER 
a 
N 
W 

ASCENT TANK EQUILIBRATION(S) 

a NONE OF COMPONENTS HAVE BEEN DEVELOPED 

ORBITER 

i CONTROL OF MIXING CYCLE 

a NONE OF COMPONENTS HAVE BEEN DEVELOPED 

a L IQUID  ACQUISITION DEVICE REQUIRED ADDITIONAL 
TECHNOLOGY 

a MIXER REQUIRES VERIFICATION OF DESIGN CONCEPT 

a L I Q U I D  VENT FOR SEPARATOR 

a THERMAL CYCLING OF HEAT EXCHANGERS AND THRUSTERS 
AND MIXERS 

MECHANICAL CYCLING OF VALVES AND REGULATORS 

BREADBOARDING REQUI RED 



VEHICLE INSTALLATIONS 

HIGH PRESSURE APS 

THE APS INSTALLATION I N  THE BOOSTER AND ORBITER ELEMENTS ARE SHOWN I N  FIGURES 

11 AND 12. I N  BOTH SYSTEMS MAXIMUM ADVANTAGE I S  TAKEN OF THE DISTRIBUTION LINES AS 

PART OF THE STORAGE VOLUMES. THE SUMMARY WEIGHTS ARE AS INDICATED TO BE COMPATIBLE 

WITH THE NOMINAL SSVDRD MISSION. FOR OTHER THAN THE NOMINAL MISSION THE ACCUMULATOR 

WEIGHTS I N  FIGURE 13 SHOULD BE UTIL IZED AS A FUNCTION OF APS CYCLES. A TYPICAL CONDI- 

TIONER MODULE I S  INDICATED I N  FIGURE 14. 

LOW PRESSURE APS 

THE LOW PRESSURE APS BOOSTER AND ORBITER INSTALLATIONS ARE SHOWN I N  FIGURES 15 

AND 16, ALONG WITH THEIR WEIGHTS. 







1 nnn 
THRUSTER MIXTURE RATIO = 4 

ACCUMULATOR WEIGHT, LBS 

EFFECT ON ACCUMULATOR WEIGHT FOR ALL STABLE L I M I T  
CYCLE MISS ION FOR MIXTURE RATIO = 4 

FIGURE 13. 
-- 

NOT R E P R O D U C I B L E  
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ARRANGEMENT OF PROPELLANT CONDITIONER COMPONENTS 

-HEAT EXCHANGER 

' %HOT GAS TRIM ORIFICES 

, 

CONDITIONED PROPELLANT OUTLET CONDITIONED PROPELLANT OUTLET 

FIGURE 44, 





-- 
NOT REPRODUCIBLE 



--- - - 

NOT R E P R O D U C I B L E  



ORBITER LOW PRESSURE APS WEIGHT SUMMARY 

Conditioning Assembly 

Suppl ementary Propel 1 a n t  Assembly 

Propulsive Vent Assembly 

D is t r ibut ion  Network 

Thrusters 

Thruster Linked Bipropel l  ant  Valves 

Thruster Is01 a t i o n  Valves 

Propel 1 ant i n  D is t r ibut ion  Network 

Active APS Passi ve APS 

-- - 

Total  APS Weight 
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BOOSTER LOW PRESSURE APS WEIGHT SUMMARY 
Oxygen Side Hydrogen Side 

Temperature Range - 165 - 520°R Temperature Range - 37 - 450°R 
Maximum Pressure - 27 psia Maximum Pressure - 27 psia 
Maximum Flowrate - 23.4 pps Maximum Flowrate - 9.36 pps 



M I N T A I N A B I L I P Y  AND R E L I A B I L I T Y  

I N  BOTH HIGH AND LOW PRESSURE EFFORTS THE APPROACH TO R E L I A B I L I T Y  AND MAINTAINABILITY 

WAS THROUGH THE USE OF FUNCTIONAL AND MODULAR REDUNDANCY. THE HIGH PRESSURE APS REDUNDANCY I 

SYSTEM I S  SCHEMATICALLY ILLUSTRATED I N  FIGURE 17 AND L I N E  SCHEMATICALLY AS SHOWN I N  FIGURE 

18. AS SHOWN THE SYSTEM I S  MODULARIZED INTO PROPELLANT CONDITIONER, REGULATOR AND THRUSTER 
I 

MODULES. THE SYSTEM FEATURES EXTERNAL SWITCHING I N  THE PROPELLANT CONDITIONER MODULES. THE I 

I 

OTHER MODULES USE ISOLATION VALVING AS APPROPRIATE TO THE INDIVIDUAL FUNCTION. CRITICAL 
1 

I TEM MAINTENANCE I S  SCHEDULED EVERY 3RD MISSION. 

THE LOW PRESSURE ORBITER SYSTEM I S  SHOWN SCHEMATICALLY I N  FIGURE 19 AND 20, ILLUSTRATING 

A SIMILAR APPROACH. COMPLETE CRITICAL ITEM MAINTENANCE I S  SCHEDULED EVERY 45TH MISSION FOR 

THE BOOSTER AND EVERY 1 OTH MISSION FOR THE ORBITER. 



a REGUATOR MODULE 

PRESSURE RELIEF VALVE WWLE 

A f t  Thmter 

FIGURE 97. 









S U W R Y  CRITICAL TECHNOLOGY REQUI REMENTS 

LOW PRESSURE 

THE CRITICAL TECHNOLOGY AREAS, FOR THE LOW PRESSURE APS ARE AS FOLLOWS: 

L I Q U I D  GAS SEPARATORS - (LIQUIDIGAS DISCRIMINATION, CYCLE L IFE,  VENTING OF 
RESIDUAL LIQUIDS).  

THRUSTERS - (LONG L I F E  DURABILITY, IGNIT ION OF LOW TEMPERATURE AND POSSIBLY 
DUAL PHASE PROPELLANTS, MR VARIABILITY , RE-ENTRY HEAT1 NG EFFECTS), 

GAS GENERATORS - (SAME AS HIGH PRESSURE SSAPS). 

PHASE ACQUISITION - (SIMILAR TO HIGH PRESSURE SSAPS REQUIREMENTS). 

HEAT EXCHANGERS - (RESPONSE TIMES, MR COMPATIBILITY CYCLE L IFE,  STARTUP AND 
SHUTDOWN INTEGRATION, RECOVERY CYCLING AND OPERATION OF PASSIVE HEAT EXCHANGERS). 

0 REGULATORS AND VALVES - (SAME AS HIGH PRESSURE SSAPS). 

INSTRUMENTATION - (SAME AS HIGH PRESSURE SSAPS). 

o DYNAMICSICONTROLS - (SAME AS HIGH PRESSURE SSAPS). 



HIGH PRESSURE 

THE CRITICAL TECHNOLOGY AREAS FOR THE HIGH PRESSURE APS ARE AS FOLLOWS: 

PHASE ACQUISITION - SURFACE TENSION SCREENS SELECTED (INERT GAS EFFECTS, COMPATIBILITY 
WITH PRESSURIZATION TECHNIQUE, NPSP CONTROL ACROSS SCREEN, INSPECTION AND CERITIFCATION). 

e PRESSURIZATION - HEL I UM AND AUTOGENOUS ( INTEGRATION WITH ACQUISITION CONCEPT, HEAD LOSS 
DUE TO ENERGY INPUT, REQUIRED NPSH INTERNAL CONTROL). 

TANK INSULATION - (APPENDAGE HEAT LEAK CONTROL, MAXIMUM COORDINATED USE OF THERMODYNAMIC 
UNIT, COMPATIBILITY WITH COMPARTMENT PRESSURES, ASCENTIRE-ENTRY AND GROUND HOLD PUMPING 
REQUI REMENTS) . 
GAS GENERATORS - (STARTUPISHUTDOWN MR UNIFORMITY, ICING, FABRICATION AND MAINTAINABILITY).  

THRUSTERS - (SATISFACTORY PERFORMANCE TO BE EXPECTED I N  CURRENT NASA CONTRACTS). 
(LONG L I F E  DURABILITY, L I M I T  CYCLE MR VARIABILITY, RE-ENTRY HEATING EFFECTS). 

e TURBOPUMPS - (HIGH TRANSIENT EFFECTS ON BEARINGS AND SEALS, TOLERANCE EFFECTS I N  TORQUE 
MATCHED SYSTEMS. 

HEAT EXCHANGERS - PARALLEL TUBE FLOW CONFIGURATION (ICING, MR COMPATIBILITY, STARTUP1 
SHUTDOWN). 

REGULATORS AND THROTTLE VALVES - (PROPORTIONAL REGULATION FOR MAIN GAS FEED, THROTTLE 
TRIM VALVES FOR GAS GENERATORS). 

a DYNAMICSICONTROL - (PUMP STARTUPISHUTDOWN, HEAT EXCHANGER STARTUP AND SHUTDOWN, PRESSURE 
SWITCHING NETWORKS, RAPID VERSUS L I M I T  CYCLE DRAW-OFF. 



CONCLUSIONS 

HIGH PRESSURE 

THE PUMPED L I Q U I D  CYCLE I S  ADAPTABLE TO BOTH BOOSTER AND ORBITER CONFIGURATIONS 

WITH A MAXIMUM OF COMMONALITY. BY TAKING A CONSERVATIVE BUT REASONABLY RESULTING 

EFFICIENT APPROACH TO THE MR SELECTION OF -1:l  ALL CONDITIONER COMPONENTS CAN BE BUILT  

WITH TODAY'S TECHNOLOGY. THE BASIC CYCLE LENDS I T S E L F  TO HIGH EFFICIENCY CONTROLS AS 

WELL AS ABSOLUTE S IMPLIC ITY I N  CONTROL. THE CYCLE WILL MEET HIGH DELTA-V AS WELL AS 

LOW DELTA-V MISSION DEMANDS AND PROVIDES GROWTH CAPABILITY INTO INTEGRATED APS, OMS, 

ETCS , ETC. , SYSTEMS 

LOW PRESSURE 

THE BLOWDOWN CYCLE CONTINUES TO APPEAR TO BE ATTRACTIVE FOR THE BOOSTER APPLICATION 

WHERE MISSION FLEXIBILITY REQUIREMENTS WILL BE A MINIMUM. ITS SUCCESSFUL OPERATION IS 

CONTINGENT UPON REASONABLE ASCENT TANK THERMODYNAMIC CONDITIONS BEING ACHIEVED. I T  I S  

NOT COMPATIBLE WITH C O M N A L I T Y  BETWEEN THE BOOSTER AND ORBITER, 
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INTRODUCTION 

THE NASA SPACE SHUTTLE VEHICLE SYSTEM FOR FUTURE MANNED SPACE OPERATIONS REQUIRES DEVELOPMENT OF A 

NUMBER OF SUBSYSTEMS WHICH ARE EITHER NEW OR SIGNIF ICANT EXTENSIONS OF STATE-OF-THE-ART TECHNOLOGY. AMONG 

THESE I S  THE AUXIL IARY PROPULSION SUBSYSTEM (APS) USED FOR CONTROL AND MANEUVERING OF THE SHUTTLE VEHICLE 

AFTER MAIN ENGINE CUT-OFF, TO PROVIDE A HIGH PERFORMANCE APS AND, AT THE SAME TIME, TO TAKE ADVANTAGE OF 

BENEFITS I N  THE AREAS OF PROPELLANT LOGISTICS, SAFETY, REUSE, AND PERFORMANCE, A GASEOUS HYDROGENIOXYGEN 

AUXIL IARY PROPULSION SUBSYSTEM WAS IDENT IF IED  AS THE MOST DESIRABLE TYPE OF SUBSYSTEM, 

THESE ARE TWO BASIC METHODS OF IMPLEMENTING AN APS OF T H I S  TYPE. THESE ARE: 

( 1  HIGH PRESSURE APS, I N  WHICH PROPELLANTS ARE STORED AT, OR CONDITIONED TO, THE MOST DESIRABLE 

THRUSTER OPERATING PRESSURES; 

(2) LOW PRESSURE APS, I N  WHICH PROPELLANTS ARE SUPPLIED TO THE CONTROL THRUSTERS FROM MAIN ASCENT 

PROPELLANT TANKS AT NORMAL ULLAGE PRESSURES. 

TO F U L F I L L  SHUTTLE NEEDS, NASA CONTRACTED FOR APS DEF IN IT ION STUDIES OF BOTH HIGH AND LOW PRESSURE 

APS. THE MCDONNELL DOUGLAS ASTRONAUTICS COMPANY-EAST CONDUCTED A HIGH PRESSURE APS STUDY UNDER CONTRACT 

NO. NAS8-26248 AND A LOW PRESSURE APS STUDY UNDER CONTRACT NO, NAS9-11012. NASA TECHNICAL DIRECTION OF 

T H I S  EFFORT WAS PROVIDED BY THE MARSHALL SPACE FLIGHT CENTER ON THE HIGH PRESSURE APS STUDY AND BY THE 

MANNED SPACECRAFT CENTER ON THE LOW PRESSURE APS STUDY. THE AEROJET L I Q U I D  ROCKET COMPANY, UNDER SUB- 

CONTRACT TO MDAC-EAST, PROVIDED THE ANALYSES AND DESIGN SUPPORT NECESSARY TO DEFINE THE ACTIVE COMPONENTS 

FOR APS EVALUATION. 

PRESENTED I N  THIS PAPER ARE SUMMARY DESCRIPTIONS OF PRELIMINARY DESIGNS BOTH H I G H  AND LOW PRESSURE 

APS AS DETERMINED FROM THE TWO STUDY PROGRAMS, 



ORBITER-HIGH PRESSURE AQS SUMMARY 

e 
";sol 

THE NIGH PRESSURE APS %OR THE SPACE SHUTTLE ORBITER I S  DESIGNED FOR ALL ORBITER ATTITUDE CONTROL AND MANEUVERING 

FUNCTIONS AND THUS NO SEPBRBTE ORBIT MANEUVERING SUBSYSTEM I S  REQUIRED. THE TOTAL IMPULSE CAPABIL ITY OF THE SUBSYSTEM 

I S  APPROXIMATELY 12,700,060 LB-SEC FOR BOTH HIGH (ORBITER C) AND LOW (ORBITER B )  CROSS RANGE DESIGNS. 

A TURBOPUMP APS CONCEPT WAS SELECTED AS THE PREFERRED HIGH PRESSURE APS APPROACH. THE ACCOMPANYING FIGURE PRE- 

SENTS A S IMPL IF IED  SCHEMATIC OF THE HYDROGEN S IDE  OF THE APS. THE SCHEMATIC FOR THE OXYGEN SIDE I S  SIMILAR. THE 

THRUSTER ASSEMBLIES WHICH OPERATE AT REGULATED INLET PRESSURE ARE DECOUPLED FROM THE CONDITIONING ASSEMBLIES BY ACCUMU- 

LATORS WHICH PROVIDE SUFFICIENT GAS STORAGE CAPABIL ITY FOR A NUMBER OF THRUSTER FIRINGS. 

THE CONDITIONER ASSEMBLIES ARE S IZED TO PROVIDE A FLOW RATE WHICH I S  EQUIVALENT TO THE FLOW RATE OF THE MAXIMUM 

NUMBER OF THRUSTERS THAT CAN OPERATE AT ANY GIVEN TIME. THESE ASSEMBLIES CONSIST OF A SINGLE 2000°R BIPROPELLANT 

GAS GENERATOR, A CONVENTIONAL TUR~OPUMP, AND A REBURN HEAT EXCHANGER. ALL  GAS GENERATOR PRODUCTS ARE F IRST PASSED 

;5: THROUGH THE TURBOPUMP, WHERE THE ENERGY TO RAISE THE REQUIRED L I Q U I D  PROPELLANT FLOW RATE TO THE REQUIRED PRESSURE I S  
0 

EXTRACTED. THE FUEL-RICH GASSES ARE THEN DIRECTED TO THE HEAT EXCHANGER WHERE SUPPLEMENTAL OXYGEN I S  ADDED TO PROVIDE 

THE ENERGY REQUIRED TO CONVERT THE L I Q U I D  PROPELLANT TO GAS AT THE DESIRED TEMPERATURE. THE EXHAUST PRODUCTS ARE 

DISCHARGED FROM THE VEHICLE THROUGH OPPOSING NOZZLES TO ELIMINATE DISTURBANCE FORCES OR, I F  A t X  A X I S  MANEUVER I S  I N  

PROCESS, THROUGH AN AFT DIRECTED CONVERGENT-DIVERGENT NOZZLE TO PROVIDE USEFUL +X IMPULSE. 

THE PROPELLANT TANKAGE ASSEMBLY OPERATES SIMILARLY TO CONVENTIONAL STORABLE PROPELLANT TANKAGE. PRESSURE WITH IN  

THE TANK I S  MAINTAINED BY MECHANICAL REGULATION OF THE HELIUM PRESSURE SUPPLY. PROPELLANTS ARE MAINTAINED I N  A 

L I Q U I D  STATE BY A COMBINATION OF HIGH PERFORMANCE INSULATION AND PROPELLANT VAPORIZATION. NORMAL ON-ORBIT HEATING I S  

ABSORBED BY A COOLANT LOOP I N  WHICH PROPELLANT I S  EXTRACTED FROM THE TANK, AND PASSED.OVER.THE OUTER SHELL, WHERE THE 

HEAT LEAK I S  TAKEN UP BY THE PROPELLANT HEAT OF VAPORIZATION. PROPELLANTS ARE MAINTAINED AT THE TANK OUTLET BY A 

SURFACE TENSION SCREEN DEVICE, T H I S  DEVICE PROVIDES POSIT IVE PROPELLANT POSITIONING I N  ZERO G AND DURING MULTIAXIS,  

LOW-G OPERATION. 



HIGH PRESSURE 
ORBITER APS SUMMARY 

ALUMINUM TANK WITH HPI INSULATION, 
FIBERGLASS COVER (POLYURETHANE 
INSULATION H2 ONLY) 

TOTAL SUBSYSTEM WEIGHT COOLING - VAPOR VENT USING THROTTLED Hp LIQUID 
ORBITER B - 35,879LB COLD GAS HELIUM PRESSURIZATION 
ORBITER C - 37,070 LB SURFACE TENSION SCREEN CHANNELS FOR PROPELLANT 

SPECIFIC IlllPULSE 
ATTITUDE - 41 6.0 SEC H2 - 2 STAGE CENTRIFUGAL PUMP AND 3 STAGE AXIAL 
TRANSLATION - 423.7SEC 

a 02 - 1 STAGE CENTRIFUGAL PUMP AND 2 STAGE AXIAL 

a REBURN COUNTERFLOW HEAT .EXCHANGER 
( H z  - 3750°R,02 - 41500R) PROPULSiVE VENT 
2000oR GAS GENERATOR LINKED VALVES #ITH 02 

TEMPERATURE FEEDBACK CONTROL, H z  
ACCUfdULATOR PRESSURE FEEDBACK CONTROL 

CCUhlULATOR (HPI INSULATED) 
PRESSURE REGULATOR 

a THRUSTER E 60 FOR ATTITUDE CONTROL E: = 120 
F O R d  YWANfiLAVION,REGENERATOVE/FILM COOLED 

c ~ l " d P O m p O I 1 ~ *  



ORBITER-HIGH PRESSURE BPS 

THE PRESSURE, TEMPERATURE AND FLOW BALANCE CORRESPONDING 10 THE PRECEDING H IGH PRESSURE APS DESIGN 

SUMMARY FOR ORBITER C ARE SHOWN I N  T H I S  SCHEMATIC. THE OXYGEN AND HYDROGEN FLOW RATES TO THE THRUSTER 

ASSEMBLIES ARE FOR SIMULTANEOUS F I R I N G  OF FOUR 1850 b B  THRUST UNITS .  THE THRUSTERS OPERATE AT A MIXTURE 

RAT IO  OF 4: l  AND THE CONDITIONER ASSEMBLIES OPERATE AT OVERALL MIXTURE RATIOS OF 2.4 AND 2.7 FOR THE 

HYDROGEN AND OXYGEN CONDITIONERS RESPECTIVELY. THE OVERALL SUBSYSTEM MIXTURE RAT IO  I S  3.87:l. 



HIGH PRESSURE APS PRESSURES, 
TEMPERATURES AND FLOWS 

Delta Orbiter 

CONDITIONING ASSEMBLY 

SIZED FOR 4-1850 LB 

THRUSTERS FIRING 

CONTINUOUSLY 

BURN TEMP- 4 1 5 0 ' ~  

REGENERATIVE CQOLED THRUSTER 
WITH PARTIAL FILM AND NOZZLE DUMP COOLING 

PC 500 Lf3F 'IN 2~ MR (:I F la50 LBF 
F' - 60 ATTITUDE CONTROL, 27 THRUSTERS 
8 1120 + X 'TRANSLATION, 6 THRUSTERS 





HIGH PRESSURE BOOSTER APS SUMMARY 

e ALUMINUM TANK (POLYURETHANE INSULATION Hz ONLY) 

o COLD GAS HELIUM PRESSURlZATlON 
e SURFACE TENSION SCREEN CHANNELS FOR PROPELLANT 

( ACQUISITION 

I 
TOTAL SUBSYSTEM WEIGHT .M2  - 2 STAGE CENTRIFUGAL PUMP AND 3 STAGE AXIAL 

5310 L B  
1 

SPECIFIC IMPULSE 02 - 1 STAGE CENTRIFUGAL PUMP AND 2 STAGE AXIAL 
410.8 SECONDS 

i 9 

, (n 
(n 

* REBURM COUNTERFLOWHEAT EXCHANGER 
(Hz - 3840°R, 02 - 4160°R) PROPULSIVE VENT 

e 2000°R GAS GENERATOR LINKED VALVES WITH 02 
TEMPERATURE FEEDBACK CONTROL, Hz 
ACCUMULATOR PRESSURE FEEDBACK CONTROL 

e ALUMINUM ACCUMULATOR (HPI INSULATED) 
MECHANICAL PRESSURE REGULATOR 

e THRUSTER -18 THRUSTERS AT et = 40 















HIGH PRESSURE APS-THRUSTER ASSEMBLY 

THE BPS USES GASEOUS HYDROGEN-OXYGEN THRUSTERS 18 PROVIDE BOTH VEHICLE CONTROL AND MANEUVERING 

IMPULSE. THE SELECTED CHAMBER CONFIGURATION, A PARTIAL REGENERATIVELY COOLED DESIGN (AS SHOWN I N  THE 

ACCOMPANYING FIGURE ) , REPRESENTED A COMPROMISE BETWEEN A HIGH PERFORMANCE, FULLY REGENERATIVE COOLED 

ENGINE, AND EASILY SCARFED, LOWER PERFORMANCE FULLY F I L M  COOLED ENGINES. THE CHAMBER CYCLE L I F E  RE- 

QUIREMENT I S  MET BY THE ADDITION OF APPROXIMATELY 5 PERCENT F I L M  COOLING AT THE INJECTOR FACE ALONG THE 

CHAMBER WALL. THE SELECTED CHAMBER I S  A SINGLE UP-PASS REGENERATIVE DESIGN, FROM AN AREA RATE OF 11 

TO 1 TO THE INJECTOR FACE. THE SCARFING REQUIRED BY VARIOUS INSTALLATIONS I N  THE VEHICLE I S  EASILY 

ACCOMMODATED BY THE F I L M  COOLED NOZZLE ATTACHED AT THE 11 TO 1 AREA RATIO. THE NOZZLE SKIRT USES 

APPROXIMATELY 3 PERCENT OF THE HYDROGEN FLOW FOR COOLING 

THE IGNITER SUBASSEMBLY. CONSISTS OF A SEPARATE HIGH RESPONSE BIPROPELLANT VALVE, A COOLED I G N I T I O N  

CHAMBER, AND THE SPARK PLUG. PRIMARY PROPELLANT FLOW TO THE THRUSTER I S  CONTROLLED BY A PNEUMATICALLY 

ACTUATED BIPROPELLANT POPPET VALVE. 
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H I G H  PRESSURE BPS-GAS GENERATOR 

THE HIGH PRESSURE BPS USES GAS GENERATOR PRODUCTS YO PROVIDE POWER FOR TURBOPUMP O P E W T I B N  AND ENERGY 

TO THE HEAT EXCHANGERS, GAS GENERATORS ARE REQUIRED TO HAVE f HROPTLING CAPABILITY TO MAINTAIN ACCUMULATOR 

PRESSURE AT OR NEAR SWITCHING PRESSURE LEVEL DURING STEADY STATE OPERATION AND PROVIDE INCREASED FLOW AND 

POWER TO THE TURBINE DURING CONDITIONER START-UP. I N  ADDITION, THE GAS GENERATORS MUST MAINTAIN EXHAUST 

TEMPERATURES WITHIN L I M I T S  NECESSARY TO ENSURE TURBINE BLADING STRUCTURAL INTEGRITY. 

THE HYDROGEN GAS GENERATOR DESIGN SELECTED FOR THE APS I S  SHOWN I N  T H I S  FIGURE. 

THE GAS GENERATOR I S  SEQUENCED ON WITH A SIGNAL TO OPEN THE LINKED GAS GENERATOR VALVES AND A SIGNAL 

TO THE ELECTRICAL IGNITER. OPENING THE BIPROPELLANT VALVE SENDS GASEOUS OXYGEN AND HYDROGEN THROUGH THE 

9 
0' 

IGNITER AND THE PRIMARY INJECTOR PARALLEL FLOW CIRCUITS. CALIBRATED ORIFICES I N  EACH PROPELLANT FLOW 
lb 

CIRCUIT  BETWEEN THE LINKED BIPROPELLANT VALVE SEATS AND THE GAS GENERATOR INJECTOR L I M I T  GAS GENERATOR 

OPERATION TO 80% POWER LEVEL. A BYPASS FLOW CIRCUIT AROUND EACH ORIFICE, WITH SEPARATELY ACTUATED THROTTLING 

VALVES, ALLOWS BYPASSING OF ADDITIONAL HYDROGEN OR OXYGEN AROUND THE CALIBRATED ORIFICES TO ADJUST THE 

POWER LEVEL OF THE GAS GENERATOR ON DEMAND. THE OXYGEN THROTTLE VALVE ALSO CONTROLS GAS GENERATOR TEMPERA- 
I 

TURE AND MIXTURE RATIO I N  RESPONSE TO GAS GENERATOR EXHAUST TEMPERATURES. I 





W IGH PRESSURE APS-VURBOUMPS 

T H E  H I G H  PRESSURE APS REQUIRES TURBOPUMPS TO DELIVER PROPELLANT FROM LOW PRESSURE CRYOGENIC SUPPLY 

TANKS TO A CONDITIONER ASSEMBLY AT THE PRESSURE REQUIRED FOR SUBSYSTEM OPERATION. 

BASELINE DESIGNS SELECTED FOR OXYGEN AND HYDROGEN UNITS ARE PRESENTED I N  THIS  FIGURE. THE LO2 TURBO- 

PUMP CONSISTS OF A SINGLE STAGE PUMP AND A TWO-STAGE, PRESSURE COMPOUNDED, AXIAL FLOW TURBINE. PUMP IM- 

PELLER AND TURBINE ROTORS ARE MOUNTED ON A COMMON SHAFT, SUPPORTED BY LO2 COOLED/LUBRICATED ROLLING ELEMENT 

BEARINGS. BEARING COOLING/LUBRICATING FLOW I S  TAPPED FROM THE HIGH PRESSURE PUMP DISCHARGE, DIRECTED 

THROUGH THE BEARING, AND REINTRODUCED TO THE MAINSTREAM FLOW I N  A LOW PRESSURE REGION AT THE. IMPELLER BACK- 

SIDE HUB. THE MAGNITUDE OF THE BEARING COOLANT FLOW ( 5  PERCENT ALLOCATED) I S  CONTROLLED BY HYDROSTATIC 

SEALS. THE FLOATING FEATURE OF HYDROSTATIC SEALS ELIMINATES T14E RUB HAZARD NORMALLY ASSOCIATED WITH A 
9 
(r 
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FIXED-FLOW'CONTROL LABYRINTH. THE INTERPROPELLANT SEAL, WHICH SEALS LO2 FROM THE FUEL-RICH HOT GASES OF 

THE TURBINE, USES A TRIPLE VENT. 

THE FUEL TURBOPUMP I S  SIMILAR TO THE LO2 TURBOPUMP. TWO PUMP STAGES ARE USED TO DEVELOP REQUIRED 

PRESSURE, WHILE THREE, PRESSURE COMPOUNDED, AXIAL FLOW STAGES ARE USED I N  THE TURBINE. PUMP IMPELLERS 

AND TURBINE ROTORS ARE MOUNTED ON A COMMON SHAFT, AGAIN SUPPORTED BY LH2 COOLED/LUBRICATED ROLLER ELEMENT 

BEARINGS. HYDROSTATIC SHAFT RIDING SEALS ARE USED TO CONTROL BEARING COOLANT FLOW ALLOCATION OF 5 PERCENT. 

THE FUEL TURBOPUMP DOES NOT REQUIRE AN INTERPROPELLANT SEAL TO SEPARATE THE PROPELLANT FROM HOT TURBINE 

GAS, SINCE LH2 I S  NONREACTIVE WITH THE FUEL-RICH TURBINE GASES. L I Q U I D  HYDROGEN FLOW FROM THE TURBINE 

AND BEARING TO THE TURBINE I S  MINIMIZED BY THE USE OF A HYDROSTATIC SEAL. 





HIGH PRESSURE APS-HEAT EXCHANGER 

THE HIGH PRESSURE BPS USES A RFBURN HEAP EXCHANGER SUBASSEMBLY TO NWT PROPELLANT TO TEMPERATURES 

REQUIRED FOR RELIABLE THRUSTER IGNITION,  I N . T N I S  ASSEMBLY, COMBUSTION PRODUCTS FROM THE GAS GENERATOR 

AND TURBINE UPSTREAM ARE DIRECTED TO THE HEAT EXCHANGERS, WHERE SUPPLEMENTAL OXYGEN I S  ADDED TO REBURN 

THE FUEL-RICH TURBINE EXHAUST, TO SUPPLY THE ENERGY NECESSARY FOR PROPELLANT CONDITIONING. 

THE SELECTED DESIGN I S  BASED ON APPLICATION OF INJECTOR PLATE FABRICATION TECHNOLOGY DEVELOPED FOR 

STAGED COMBUSTION CYCLES. THE DESIGN OF THE HEAT EXCHANGER I S  SHOWN I N  T H I S  FIGURE WHICH ILLUSTRATES 

THE PLATELET CONSTRUCTION TECHNIQUE. I N  T H I S  SELECTED DESIGN, THE HOT AND COLD S IDE HEAT TRANSFER 

COEFFICIENTS ARE CONTROLLED BY FLOW PASSAGE TAILORING. AS SHOWN I N  THE BLOWUP OF THE FIGURE, PROPELLANTS 

9 
ENTER THE HEAT EXCHANGER BASE, FLOW TO THE TOP AND RETURN TO THE BASE TO REGENERATIVELY COOL THE HEAT 

u' 
00 EXCHANGER SHELL. AFTER RETURN, THE PROPELLANTS ARE COLLECTED I N  A MANIFOLD AND DIRECTED INTO THE PLATES. 

PROPELLANT FLOWS UP THROUGH THE CENTER OF THE PLATES, SPLITS, AND I S  DIVERTED TO THE OUTSIDE OF THE 

PLATE, WHERE I T  RETURNS AND I S  DISCHARGED INTO A COLLECTION MANIFOLD. DURING FLOW ALONG THE OUTSIDE OF 

THE PLATE, HEAT EXCHANGE BETWEEN PROPELLANTS AND HOT GAS PRODUCTS I S  ACCOMPLISHED. TO DISTRIBUTE THE 

SUPPLEMENTAL OXYGEN UNIFORMLY, A DISTRIBUTION MANIFOLD I S  LOCATED BETWEEN THE PLATES. A CATALYTIC IGNITER 

I N  THE MANIFOLD I S  USED AS THE I G N I T I O N  SOURCE FOR THE TURBINE EXHAUST GAS AND THE GASEOUS OXYGEN. DUR- 

ING ACCUMULATOR RECHARGE, OXYGEN ADDITION I S  CONTROLLED TO MAINTAIN A NEAR CONSTANT .PROPELLANT TEMPERATURE 

AT THE HEAT EXCHANGER OUTLET. T H I S  PROVIDES THE HIGH HOT S IDE TEMPERATURES NECESSARY TO PRECLUDE CONDEN- 

SATION OF WATER VAPOR I N  THE'EXHAUST GAS. 





DURING T H I S  STUDY, AIL VIABLE CANBEBATES FOR HIGH PRESSURE AUXILIARY PROPULSION SUBSYSTEMS WERE COM- 
I 

PARED ON THE BASIS OF WEIGHT, TECHNOLOGY, SIMPLICITY,  AND F L E X I B I L I T Y  TO REQUIREMENTS, FROM T H I S  COMPARISON, 

THE TURBOPUMP APS CONCEPT WAS CLEARLY THE BEST SELECTION FOR BOTH BOOSTERS AND ORBITERS, ON THE BASIS  OF 

THESE RESULTS, NASA SELECTED THE TURBOPUMP APS FOR PRELIMINARY DESIGN, AND SPECIFIED THAT PRELIMINARY DESIGN 

EFFORT BE DIRECTED TO AN APS CAPABLE OF PERFORMING ALL MANEUVERS. 

I N  A PRELIMINARY DESIGN THE SPECIFIED CONCEPT WAS STUDIED TO DEVELOP AN OPTIMIZED DESIGN CAPABLE OF 

SATISFYING SHUTTLE REQUIREMENTS, T H I S  WAS ACCOMPLISHED THROUGH A SERIES OF INTERRELATED STUDIES ASSOCIATED 

WITH APS COMPONENTS, ASSEMBLIES, AND SUBSYSTEMS WHICH PROVIDED AN INTEGRATED APS DESIGN AND ESTABLISHED I T S  

PERFORMANCE CHARACTERISTICS I N  AN INSTALLED CONFIGURATION, THE RESULTING PRELIMINARY DESIGN EVIDENCES NO 
9 
4 
o REQUIREMENTS WHICH ARE CONSIDERED TO BE UNREASONABLE EXTENSIONS OF STATE-OF-THE-ART TECHNOLOGY. HOWEVER, 

I N  TERMS OF THRUST LEVEL, TOTAL IMPULSE, AND REUSE CAPABILITY, SHUTTLE REQUIREMENTS FOR FAR BEYOND THOSE FOR 

ANY PREVIOUS CONTROL PROPULSION SUBSYSTEM. CONSEQUENTLY , NO APS COMPONENTS CAPABLE OF SATISFYING THESE 

REQUIREMENTS EXIST TODAY. 

FUNDED TECHNOLOGY DEVELOPMENT PROGRAMS ARE CURRENTLY UNDERWAY FOR SOME OF THE MORE CRITICAL COMPONENTS, 

SUCH AS VALVES, IGNITION, AND THRUST CHAMBER COOLING, AND FOR CERTAIN ASPECTS OF THE PROPELLANT STORAGE 

ASSEMBLY. THOSE AREAS OF TECHNOLOGY WHICH APPEAR TO REQUIRE ADDITIONAL EFFORT I N  SUPPORT OF APS DEVELOPMENT 

ARE SUMMARIZED I N  THIS  FIGURE ALONG WITH AN ASSESSMENT OF THE IMPACT, I N  TERMS OF WEIGHT, ASSOCIATED WITH 

FAILURE TO DEVELOP THE SPECIFIED TECHNOLOGY. 



CRITIQUE O F  HIGH PRESSURE 
A P S  TECHNOLOGY 

ASSEMBLY DESIGN AND REFILLABLE TANKS 400 LB), INCREASED DESIGN AND CON- 
VERIFICATION TROL COMPLEXITY AND REDUCED 

EXCHANGER DESIGN MATERIAL TEMPER AT URE OXYGEN INJECTION (IGNITION) 

APPROXIMATELY 1800 L B  

INSULATION REUSABILITY 

APPROXI MAT ELY 650 L B  
- DISTRIBUTION LINES e VACUUM JACKETED LINES . MAJOR INCREASES IN INSTALLATION/ 

MATELY 700 LB  FOR FACTOR OF 2 
REDUCTION IN CYCLE CAPABILITY 

e PER181016 REPLACEMHT e INCREASED MAINTENANCE/TURN 



THIS P A G E  INTENTIONALLY L E F T  BLANK 



CRITIQUE O F  HIGH PRESSURE APS 
TECHNOLOGY 

Continued 

MATELY 100 LB PER SEC Isp 

MATELY 300 LB FOR FACTOR OF 2 
ERROR IN CYCLE CAPABILITY PRE- 

PERIODIC REPLACEMENT INCREASED MAINTENANCEITURN- 

e CONTROL COMPONENT LIFE e PERIODIC REPLACEMENT e INCREASED MAINTENANCEITURN- 



ORBITER-LOW PRESSURE APS SUMWRY 

FOR THE SPACE SHUTTLE ORBITER, THE PREFERRED LOW PRESSURE BPS APPROACH WAS IDENTIF IED AS ONE I N  WHICH 

AN ORBIT MANEUVERING SUBSYSTEM (OMS) PERFORMS BLL HIGH TOTAL IMPULSE MANEUVERS, SUCH AS ORBIT CXRCULARIZA- 

TION, PLANE CHANGES, AND DEORBIT FUNCTIONS, WHILE THE BPS PROVIDES ALL ATTITUDE CONTROL AND VERNIER MANEUVERS, 

SUCH AS MIDCOURSE CORRECTIONS AND DOCKING, APS VELOCITY INCREMENTS OF APPROXIMATELY 40 FTISEC MAXIMUM WERE 

DETERMINED TO BE THE MOST FAVORABLE ALLOCATION OF +X A X I S  MANEUVERS BETWEEN APS AND OMS. 

T H I S  FIGURE PROVIDES A SUMMARY OF THE LOW PRESSURE APS DESIGNED FOR THE ORBITER ONLY. THE OXYGEN 

I SIDE OF THE APS I S  SHOWN, THE HYDROGEN S IDE I S  SIMILAR. THE SELECTED APS DESIGN USES THE MAIN ENGINE 
I 

1 
i 

TANKS AS LOW PRESSURE GAS ACCUMULATORS. PROPELLANTS FROM SEPARATE L I Q U I D  TANKS ARE USED FOR MAIN ENGINE 

TANK RESUPPLY. PROPELLANTS ARE FIRST CIRCULATED THROUGH TUBULAR, PASSIVE HEAT EXCHANGERS WHERE THEY ARE 
9 
41 
4 VAPORIZED AND SUPERHEATED PRIOR TO INJECTION INTO THE MAIN ENGINE TANKS. DURING MAJOR APS OPERATION, 

WARM PROPELLANT VAPORS FROM THE MAIN ENGINE TANKS ARE MIXED WITH ADDITIONAL L I Q U I D  PROPELLANTS I N  A DOWN- 

STREAM LIQUIDIVAPOR MIXER AND SUPPLIED TO THE ENGINES AT CONSTANT TEMPERATURE AND PRESSURE (CONSTANT 

DENSITY). 



LOW PRESSURE ORBITER APS SUMMARY 

YAW 
(2 ENGINES) 

-X ENGINES 

PITCH - ROLL 
(4 ENGINES) 

ENGINE 

PITCH - ROLL 
(4 ENGINES) 

YAW 
ENGINES) 

TOTAL SUBSYSTEM WEIGHT SPECIFIC IMPULSE 
ORBITER B - 12,868 (APS) 381 SEC 

- 24,703 (OMS) 439 SEC 
- 37,5 71 TOTAL 

PROPELLANT STORAGE ASSEMBLY . ALUMINUM TANK WlTH HPI INSULATION, FIBERGLASS COVER 
0 COOLING - VAPOR VENT USING THROTTLED H2 LIQUID 

PRESSURIZATION - COLD GAS HELIUM (02) 
- PUMPS (HELIUM PREPRESS) (Hz) 

PROPELLANT ACQUISITION - SURFACE TENSION 
SCREEN CHANNELS 

PROPELLANT CONDITIONING ASSEMBLY 

TYPE - MULTIPLE TUBEBHEAT SINK 
LOCATION - INTEGRAL WlTH MAlN ENGINE TANK WALL . ATTACHMENT-TUBE FLANGERIVETEDTOTANK STIFFENERS 
MATERIAL - 2014-76 ALUMINUM 

LIQUID/VAPOR MIXING ASSEMBLY . LIQUID INJECTION ELEMENT LOCATED IN MAIN SUPPLY LINES . LIQUID CONTROL - CAVlTATlNG VENTURl THROTTLE VALVE . GAS CONTROL - IRIS THROTTLE VALVE 
ENGINE ASSEh'lBLIES 

- -  - 

e HYDROGEN FILM - COOLED DESIGN 
e PMEUMAUIGALL'I ACTUATED, PILOT OPERATED, COAXIAL VALVES 
ta OPTBMUM EXPANSIB@ R A n O  IS 8:% 

+ X  ENGINES 



ORBITER-LOW PRESSURE APS 

THIS  FIGURE PROVIDES PRESSURE, TEMPERATURE AND FLOW BALANCES FOR THE ORBITER LOW PRESSURE APS DES- 

CRIBED PREVIOUSLY. THE APS DESIGN USES THIRTY-THREE 3 0 8 0  L B  THRUST ENGINES WITH AM 8:1 NOZZLE EXPANSION 

RATIO OPERATING AT A MIXTURE RATIO OF 3.0. 

MAIN ENGINE TANKS ARE USED AS GAS ACCUMULATORS WITH AN OPERATING PRESSURE RANGE OF 16 TO 30 LBF/IN~A. 

RESUPPLY PROPELLANT I S  FIRST VAPORIZED AND SUPERHEATED BY PASSIVE HEAT EXCHANGERS BEFORE INJECT ION INTO 

MAIN ENGINE TANKS. DURING MAJOR APS MANEUVERS, WARM MAIN TANK PROPELLANT VAPORS ARE MIXED WITH COLD PRO- 

PELLANTS I N  A DOWNSTREAM MIXING CHAMBER, FOR SUPPLY AT CONSTANT TEMPERATURE AND PRESSURE. 



LOW PRESSURE ORBITER A P S  PRESSURES, 
TEMPERATURES AND FLOWS 

INITIAL PRESS. 26 

INITIAL TEMP 454 379 

PRESS RANGE 30-20 30-15 
LIQUID PROPELLANT 

TEMP RANGE 529-356 511-243 STORAGE TANK 

RELIEF VALVE 

DESIGN THRUST (LB) 1080 





LOW PRESSURE BOOSTER APS SUMMARY 

YAW 
(8 ENGINES) 

TOTAL SUBSYSTEM WEIGHT, LB 

BOOSTER APS - 5647 

PITCH - ROLL 
(6 ENGINES) 

PROPELLANT DISTRIBUTION NETWORK 

2219 ALUMINUM DlSTRlBUTlON LINES 
ALUMINUM SOCKET/BELLOWS ANGULAR COMPENSATORS 
ALUMINUM BELLOWS LINEAR COMPENSATORS 
ALUMINUM VISOR TYPE ISOLATION VALVES (DC 
REVERSIBLE MOTOR DRIVE WITH CLUTCH BREAK) 

ENGINE ASSEMBLIES 

HYDROGEN FILM-COOLED DESIGN 
PNEUMATICALLY ACTUATED, PILOT OPERATED, COAXIAL 
VALVES 
ELECTRIC TORCH IGNITION 
OPTIMUM EXPANSION RATIO I S  2:l 

SPECIFIC IMPULSE 

340 SEC 

PITCH -- ROLL 
(6 ENGINES) 



BOOSTER-LOW PRESSURE APS 

THIS FIGURE PROVIDES PRESSURE, TEMPERATURE AND FLOW BALANCES FOR THE BOOSTER, LOW PRESSURE BPS, THE 

SUBSYSTEM OPERATES ENTIRELY FROM AVAILABLE MAIN ENGINE TANK PROPELLANT VAPORS I N  A BLOWDOWN MODE, OVER A 

PRESSURE RANGE OF 2 6  TO 17 LBF/IN~. L I Q U I D  RESIDUALS REMAINING I N  THE TANK AT MAIN ENGINE SHUTDOWN ARE 

PREVENTED FROM ENTERING THE FEED SYSTEM BY G-SENSITIVE VALVES LOCATED AT TANK OUTLETS, DISTRIBUTION AND 

ENGINE ASSEMBLIES ARE SIZED TO PROVIDE 2 5 0 0  L B  THRUST AT THE END OF BLOWDOWN, WHEN TANK PRESSURES AND 

TEMPERATURES ARE LOWEST. A MIXTURE RATIO OF 2.0 AND A NOZZLE EXPANSION RATIO OF 2 : l  PROVIDE MINIMUM SUB- 

SYSTEM WEIGHT. 

INITIAL BOOSTER RESIDUALS, AS SPECIFIED BY A CONTRACT, WERE AT VAPOR PRESSURES OF 26 LBF/IN~A AND 

VAPOR TEMPERATURES OF 450°R (Hz) and 520°R ( 0 2 )  THESE HIGH PRESSURANT TEMPERATURES INCURRED A SEVERE 

SUBSYSTEM WEIGHT PENALTY DUE TO REDUCED PROPELLANT DENSITY. AT T H I S  LOWER I N I T I A L  DENSITY, THE AMOUNT OF 

PRESSURE DECAY I S  INCREASED AND DESIGN PRESSURE OF L INES AND ENGINES I S  REDUCED. THIS, OF COURSE, RE- 

SULTS I N  INCREASED L I N E  AND ENGINE S I Z E  AND WEIGHT. MINIMUM MAIN ENGINE TANK PRESSURES DURING APS USAGE 

AND RESULTANT APS WEIGHTS WERE DETERMINED AS A FUNCTION OF I N I T I A L  VAPOR TEMPERATURE AND APS MIXTURE 

RATIO. T H I S  ANALYSIS DEMONSTRATED THAT HIGH TEMPERATURE PROPELLANT VAPOR WOULD UNNECESSARILY PENALIZE 

THE LOW PRESSURE APS. FOR T H I S  REASON, THE I N I T I A L  HYDROGEN VAPOR TANK VAPOR TEMPERATURE WAS REDUCED 

FROM 450°R TO 260°R AND THE INCREASED VAPOR RESIDUAL ASSOCIATED WITH T H I S  TEMPERATURE REDUCTION WAS 

ASSESSED AGAINST THE APS AS A WEIGHT PENALTY. NO TEMPERATURE REDUCTIONS WERE NECESSARY FOR THE OXYGEN 

TANK. THESE TEMPERATURES CONSTRAIN OPERATING TANK PRESSURES TO A MINIMUM OF 17 LBFIIN~A. 



LOW PRESSURE BOOSTER APS PRESSURES, . 
TEMPERATURES AND FLOWS 

MAIN ENGINE TANK 
/ 

"2 02  

INITIAL PRESSURE 26 26 
(LBIIN.~ A) 

INITIAL TEMPERATURE 260 520 
(OR) 
PRESSURE RANGE 26-17.3 26-17.5 
(LBIIN.~) 
TEMPERATURE RANGE 260-156 520-384 
(OR) 
LIQUID RESIDUAL 14,285 

ISOLATION VALVE - - - 
H2 021 

iAx IMuM FLOW RATE (LB/sEc) 16.0 36.8 1 
MAXIMUM AP (LBIIN~) 
t- - - 3.0 3.0 1 - 

@ORPOmaP-PeIPP 



LOW PRESSURE APS-ORBITER SCHEMATIC 

T H I S  F IGURE PROVIDES A COMPLETE SCHEMATIC FOR THE ORBITER, LOW PRESSURE APS, THE GENERAL PHILOSOPHY 

FOR IMPLEMENTING F A I L  OPERAT IONAL lFA IL  SAFE REDUNDANCY FOR THE LOW PRESSURE APS WAS TO M I N I M I Z E  THE NUMBER 

OF COMPONENTS I N  ORDER TO SAVE WEIGHT WHILE M A I N T A I N I N G  FULL F A I L  OPERATIONAL/FAIL  SAFE C A P A B I L I T Y .  THREE 

PARALLEL REDUNDANT REGULATORS CONTROL LOp TANK PRESSURE. THE VALVE MODULE CONTROLLING FLOW THROUGH THE 

PROPELLANT HEAT EXCHANGERS PROVIDES THREE PARALLEL FLOW PATHS AS WELL AS SERIES  SHUTOFF VALVES TO CONTROL 

LEAKAGE. BECAUSE THE LOW PRESSURE APS CAN PROVIDE L I M I T  CYCLE OPERATION I N  A S IMPLE BLOWDOWN MODE WITHOUT 

L I Q U I D  VAPOR MIX ING,  ONLY DOUBLE REDUNDANCY WAS NECESSARY FOR L I Q U I D  VAPOR M I X I N G  AND ENGINE PROPELLANT I 

PRESSURE REGULATION. THE NUMBER OF ENGINES NECESSARY TO PROVIDE NOMINAL IMPULSE REQUIREMENTS USUALLY 
\D 
00 ALLOWED ISOLAT ION OF ENGINES BY GROUPS AFTER THE F I R S T  FAILURE. I N  SOME INSTANCES, HOWEVER, I N D I V I D U A L  

I 

N 
1 
I 

t 

ISOLAT ION FOR EACH ENGINE I S  PROVIDED AFTER F I R S T  FAILURE, A SECOND LEVEL OF ISOLAT ION VALVES PROVIDE I 

i 

BACK-UP FOR A DOUBLE FA ILURE OF AN ENGINE VALVE AND A F I R S T  LEVEL ISOLAT ION VALVE, 

I N  GENERAL, SUPPLY L I N E  S I Z E S  TO ENGINE GROUPS ARE APPROXIMATELY F I V E  INCH DIAMETER AND BRANCH L I N E S  

TO I N D I V I D U A L  ENGINES ARE APPROXIMATELY THREE INCH DIAMETER. 









THE LOW PRESSURE APS USES R LIQUID VAPOR MIXER TO CONTROL ENGINE INLET CONDITIONS DURING MAJOR APS 

ENGINE TANKS; THERE I S  NO DOWNSTREAM L I Q U I D  INJECT ION I N  THE L IQUID/VAPOR MIXER, FOR MAJOR APS OPERATIONS, 

THE MIXER ASSEMBLY PROVIDES CONSTANT PRESSURE AND TEMPERATURE A T  THE ENGINE INLETS,  THUS ACHIEVING CON- 

STANT THRUST LEVEL AND MIXTURE RATIO.  THE M IXER ASSEMBLY CONSISTS OF A L I Q U I D  INJECTION/VAPOR M I X I N G  

CHAMBER AND TWO INDEPENDENT CONTROLS - A PRESSURE REGULATOR LOCATED DOWNSTREAM OF THE M I X I N G  CHAMBER, 

AND A L I Q U I D  FLOW RATE CONTROLLER. COLD L I Q U I D  PROPELLANT I S  INJECTED INTO THE M I X I N G  CHAMBER, WHERE 
I 
i I T  I S  COMBINED WITH WARM PROPELLANT VAPORS (EXTRACTED FROM THE TANK) TO ACHIEVE A CONSTANT PROPELLANT 

9 
00 

DENSITY CORRESPONDING TO PREDEFINED MIXER TEMPERATURE AND REGULATED PRESSURE. MINIMUM ENGINE I N L E T  
0' 

TEMPERATURES ARE 200°R FOR OXYGEN AND 150°R FOR HYDROGEN, BASED ON ENGINE I G N I T I O N  C R I T E R I A  AND MAXIMUM 

ALLOWABLE INJECTOR TEMPERATURE DIFFERENTIAL.  MIXER PHYSICAL CHARACTERISTICS REQUIRED TO ACHIEVE THESE 

CONDITIONS ARE A S  SHOWN I N  T H I S  FIGURE. 



LOW PRESSURE APS 
PROPELLANT LIQUID/VAPOR MIXER 

I \ 0.094 IN. 

DROPLET DIAMETER, IN. 
TOTAL PRESSURE DROP 

GAS STREAM MACH MQ 



LOW PRESSURE APS-PRESSURE REGULATOR 

A PRESSURE REGULATOR DOWNSTREAM OF THE LPQUIDIVAPOR M I X I N G  CHAMBER I S  REQUIRED TO CONTROL ENGINE 

I N L E T  PRESSURE, I N  THE LOW PRESSURE APS DESIGN THE NONSEALING " I R I S "  VALVE PICTURED I N  T H I S  F IGURE IS 

USED FOR PRESSURE CONTROL. THE ANNULAR TORQUE MOTORIGEAR SYSTEM PICTURED POSIT IONS THE VALVE APETURE 

ACCORDING TO MEASURED PRESSURE AT THE VALVE OUTLET, M A I N T A I N I N G  19 P S I A  A T  THE ENGINE I N L E T  DURING A L L  

MAJOR APS OPERATIONS. DURING LOW DEMAND PULSE MODE OPERATIONS THE O2 REGULATOR I S  DRIVEN FULL  OPEN AND 

THE Hz  REGULATOR I S  MAINTAINED AT I T S  LAST SET POSIT ION.  



LOW PRESSURE APS 
IRIS REGULATOR DESIGN 

WOUND, ELECTRICALLY 
COMMUTATEO FIELD 
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LOW PRESSURE APS 
TANK-MOUNTED HEAT EXCHANGER 

ASSEMBLY 
ORBITER TANK CONFIGURATION 

HEATEXCHANGERPANELS 
/-(TWO 02, FOUR H2) 

li 
-- . I 

TANK CONSTRUCTION 

5 \w 

\ r BOND AND RIVET 
WETS AT 0.6 IN SPACING 

0.68 x 0.75 LC CUTOUT 
(TYPICAL EACH TANK RING) 

TANK LONGITUDINAL 
STIFFENERS r 
4 IN. SPACING (02) & 
10 IN, SPACING (Hz) 
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LOW PRESSURE A P S  
ENGINE ASSEMBLY 

COAXIAL 1 
DIFFUSER (2) 





CRITIQUE O F  LOW PRESSURE 
A P S  TECHNOLOGY 

REUSABILITY AND RATE OF WEIGHT OF COMBINED APSYOMS 

COMPLEXITY AND REDUCES APS 
FLEXIBILITY. INCREASES WEIGHT 

APS WEIGHT BY 210 LB . INTEGRATED TANK/HEAT IRES MAIN TANK REDESIGN; 
EXCHANGER DESIGN NTlAL APS WEIGHT REDUCTION 

TWOFOLD INCREASE IN A P  

COrPPOIATfQIW 



COMPARISON OF HIGH AND LOW PRESSURE BPS 

THE APS STUDIES CONDUCTED FOR MSFC AND MSC USED SLIGHTLY DIFFERENT GROUND RULES AS REGARDS MANEUVER- 

ING REQUIREMENTS. THE CONTROL ACCELERATIONS IMPOSED FOR THE LOW PRESSURE APS DESIGN WERE SLIGHTLY MORE 

STRINGENT THAN THOSE FOR THE HIGH PRESSURE APS AS I N  THE LOW PRESSURE STUDY THE APS WAS REQUIRED TO 

SATISFY "NOMINAL" ACCELERATION REQUIREMENTS WITH ONE ENGINE FAILURE. THE EFFECT OF T H I S  WAS TO SLIGHTLY 

INCREASE LOW PRESSURE APS WEIGHT. TO COMPARE THE SUBSYSTEMS ON THE SAME BASIS THE LOW PRESSURE APS 

WEIGHTS WERE ADJUSTED AND THESE ARE PROVIDED I N  THE ACCOMPANYING FIGURE WHICH RELATES THE WEIGHT OF THE 

TWO APS CONCEPTS. 



APS WEIGHT COMPARISON 
HIGH VS LOW PRESSURE 

(WEIGHTS ADJUSTED TO COMMON SET "HIGH PRESSURE REQUIREMENTS") 

APS WEIGHTS-LBS 

BOOSTER 5310 4980 

12549 ( APS) 
24703 (OMS) 

ORBITER B 35880 37252 
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"ACOUSTIC CAVITY USE FOR CONTROL O F  COMB USTION INSTABILITY" 

C. L. OBERG 

T. L. WONG 

W. M. FORD 

ROCKETDYNE 

TECHNICAL MANAGER 

W. BRASHER 

MANNED SPACECRAFT CENTER 
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Studies h ~ v e  been underway a t  Rocketdyne t o  develop c r i t e r i a  
fo r  the design of acoustic cavities t o  suppress acoustic 
modes of combustion instabi l i ty ,  Most of t h i s  work has been 
sponsored by NASA Manned Spacecraft Center under Contract 
NAS9-7498 CCA 29 (Lunar YLodu3.e Ascent Engine) and NAS9-9866 
(Evaluation of Acoustic Cavities). All of the  hot f i r ings  
done under these contracts have been made with LM ascent 
engine-type hardware, propellants and operating conditions. 
Nonetheless, the developed techniques a re  generaUy of equal 
applicabili ty t o  Space Shuttle engines, However, scme addi- 
t i ona l  work i a  needed t o  define and a l l o w  f o r  differences. 



THIS PAGE INTENTIONALLY L E F T  BLANK 



347-7 10 
3-71 

ACOUSTIC CAVlTlE OR CONTROL OF COMBU TlON INSTABILITY 

PR IMARY OBJECTIVE: DEVELOP SUFFICIENT UNDERSTAND ING AND THE NECESSARY 

DATA CONCERNING CAVITY EFRCTS SO THAT THESE CAVITIES 

CAN BE EFFECTIVELY DES IGNED 
'a 

APPL ICAB l L  ITY TO SPACE SHUTTLE ENGINES: GENERAL TECHNIQUE I S D I RECTLY 
E 
la 

APPLICABLE BUT SOME SPECIFIC DATA ARE NEEDED 0 5 

SPONSOR: NASA MANNED SPACECRAFT CENTER 

TECHN l CAL MON ITOR: W. L. BRASHER 



AeowLie mdes of e t ion  h s t a b m f , ~  h a rocket - h e  can be 
prevented t h o @  t e of aeoustic absorbers. These absorbers 
a re  cowrised of acousLic resonators distributed s m e  er  
along the interior w a l l s  of a t t chamber, Gne such ancrangement, 
which is particularly attractive from a design and manufacturing 
standpoint, is  a single row of acuustic resonators along the peri- 
phery of the injector. The term ttacoustic cavitytt has been loosely 
used t o  describe t h i s  simple arrangement of resonators, generally 
quarter wave resonators. A typical acoustic cavity arrangement is 
shown schematicaUy in th i s  slide. lhese cavities are simply 
narrow slots, either axially or  radially divided, with uniform cross- 
sectional area. The s lots  are partitioned t o  prevent circumferen- 
tial flow of hot gases. However, interest is not restricted t o  
these simple slots,  Any form of acoustic resonator should be use- 
ful, although sane forms may be more effective than others, 



TYPICAL CAVITY CONFIGURATION 

THRUST CHAMBER 

@ AXIALLY AND/OR RADIALLY DIRECTED 

* PARTiTlONEB TO PREVENT CIRCUMFERENTIAL HOT GAS FLOW 



Results from these pmgraims indicate that  cavities promote s tabi l i ty  
by increasing the damping or ra te  of energy dissipation in  the 
eJXine . The %ave cancellationfi effect, which is often associated 
with quarterwave tubes, is not believed t o  be an important factor. 
The effect of a quarterwave tube in a feed Une or  wave guide is 
t o  reflect wave energy and prevent transmission beyond the quarter- 
wave tube. The corresponding effect in the engine with a quarter- 
wave resonator is an adjustment i n  the allowed acoustic modes of 
the chamber; th i s  adjustment i s  accapanied by only small changes 
in the modal frequencies & 5 percent). Ihus, the wave energy is not 
prevented from entering the chamber; rather, the acoustic energy is 
contained within the chamber as before, but with same adjustments 
in the wave motion. 

I n  addition, the damping contributed by the acoustic cavities is 
principally due t o  nonUnear (high amp~tude) processes, the l inear 
viscous and thermal losses being negligible relative t o  these non- 
linear losses. This nonlinear effect is sMhr t o  that observed 
with Helmholtz; resonztors and is attributed t o  disintegration of an 
oscillatory jet  formod a t  the cavity exit. 



STABILIZING EFFECT 0 

P R I N C I P A L  STABILIZING EFFECT APPEARS TO BE DEGRADATION OF 
OSCILLATORY ENERGY, I .E., DAMPING 

@"WAVE CANCELLATION"N0T A STAB ILlTY FACTOR 

DAMPING DUE TO NONLINEAR (HIGH AMPLITUDE) PROCESSES; 
VISCOUS LOSSES NEGLIGIBLE 

< OSCILLATING 



The second investigation, which is now substantially complete, was 
based heavily on resul ts  from, and is largely a continuation of a 
previous study performed as  part of the LM Ascent Engine program, 
During the LM study substantial  progress was made concerning the 
influence of cavities on s t ab i l i ty  and how t o  design thw. Further, 
the stabilization effectiveness of acoustic cavities was demonstrated. 
An analytical model was developed t o  predict the damping provided 
by a cavity, Also, subscale t e s t s  were made with a combustion-driven 
oscillator,  a T-burner, t o  measure the high-amplitude acoustic char- 
ac ter i s t ics  of the cavity, In  addition, a number of full-scale hot 
f i r ings  were made with Wascent-engine-type hardware and with an 
unbaffled inJector, During t h i s  previous program, dynamic s tab i l i ty  
was obtained with f ive  different cavity arrangements while instabff l ty 
was easily triggered without the cavity, 



Zco 
Ln I 
Lnm 



h e  notable appUcaLion of acoustic ead%is% $8 %he c w s n l  f l ight  con- 
f i w a l i o n  LM ascent ennghej, TPliti engine has been mde 
stable through the combined use of baffles and acoustic cavities. The 
acoustic cavity used in t h i s  engine may be seen in t h i s  slide, which 
shows an injector from tha t  engine, The acoustic cavity is  par t ia l ly  
exposed because the remaining portion of the cavity is formed by the 
thrust-chamber w a l l .  The three-bladed baffle is  used t o  suppress the 
first- and second-tangential modes of ins tabi l i ty  while the acoustic 
cavity is  used t o  suppress the f i rs t -radial  and third-tangential modes. 

During the LM acoustic cavity study, a ser ies  of full-scale motor f i r ings  
was made t o  survey the stabilizing 'effect of cavities with a wide range 
of cavity dimensions. Available W ascent engine injectors, a s  shown 
in t h i s  slide,  were modified fo r  t h i s  purpose and a solid-wall thrust  
chamber was bu i l t  t o  the  internal  dimensions of the  ascent engine. The 
engine was operated a t  nominal ascent engine conditions using N 0 /N H 
UDMl (!K)-!Kl). The engine was s t a b i l i t y  rated with both bombs a8dIrp&C 
guns 

I n i t i a l  t e s t s  were made with plugged injection elements in the baffle 
so tha t  the baff le  could be repeatedly shortened, S tabi l i ty  resul ts  
frrm t e s t s  with several baff le  lengths a re  shown in t h i s  s u e .  The 
observed damp times were very short until the baffle length was reduced 
t o  0.75 inch, a t  which point the  engine was easi ly driven unstable by 
any of the pulse guns. With an acoustic cavity, a t ab i l i ty  was regained, 
even when the baf fla was completely removed. 



CT OF BAFFL NGTH AND CAVITY NGTH ON DAMP TIM 

LUNAR MODULE ASCENT ENGINE 0 0.2 0-41 0.6 0-8 1,0 1.2 1.4 1.6 1.8 
PROGRAM % NJECPOR BAFFLE LENGTH, t NCH 



A second series of hot firings was made with an unhaffled I24 ascen t  
type injector designed for  stabilization with an acoustic cavity, 
llhe purpose of th i s  portion of the program was t o  evaluate the 
potential for  stabilizing an'unbaffled flight-design injector with 
cavities only, 

The injector was designed with the cavities formed by a se t  of 
replaceable rings so that several cavity configurations could be 
tested. The injector was tested under nominal LM ascent engine 
operating cofiditions i n  a soUd-wall. chamber, Bombs (6.5 grains) 
were used exclusively for  s tabi l i ty  rating, Kith two bombs being 
used on each testing firing, 

For each cavity configuration, a series of five hot firings (10 bomb 
disturbances) was planned, I f  the engine recovered fran a l l  of 
these bomb disturbances, the f u l l  series of t es t s  was completed and 
the engine was regarded as dynamically stable. If an instabil i ty 
was encountered, then testing with that  configuration was terminated, 
Stabil i ty results are shown i n  Table 1. A s  shown, dynamic s tabi l i ty  
was obtained with several cavity configurations. 





Ihrring the current program which was recently completed, several 
areas of investigation have been pursued: Increased analytical 
capability was developed by removing or improving some of the 
previously used ap proximations and allowing f o r  additional 
effects and configurations, Test f i r ings  were made t o  experi- 
m a n t a l l y  define an optimum s l o t  width; modifications have been 
made t o  the analytical model t o  improve the ab i l i ty  t o  predict 
the optimum s l o t  width. Also, t e s t  firings have been made t o  
investigate the effects of cavity location and of cavity m u l t i -  
p l ic i ty  (multiple rm of resonators) on s tabi l i ty ,  Detailed 
cavity temperature measurements have been made, Analytical and 
sub-scale experimental studies of unconventional cavity configura- 
t ions (which emphasize hardware constraints) have been made; W- 
scale s t ab i l i ty  t e s t s  with these cavities have been made. Full- 
scale t e s t s  were also made t o  investigate the effect  of varying 
the  film coolant flowrate and at nosninal conditions on cavity 
stabilization, 





a m @  
335 b-, 

~r $ % r  
e;lrnwd a) 

p J c d  E:$j 
k a) 

a) o r a  
' S  e.ijs 
be m k 
0 9a)Sm' f , 5 3 8  

P I  ?#nssg a.cr a) U3 

0 0)Y 0 a) 

2 %! H $  43 .4 
a m  j s a  o s g*g: zm 4 " 8.422 

0) 54 

"2  f=$J 
4r - a 0  

- & , G O  
*r la)acDm 
0 *C 
4 4  

2%2 $!j 
2 s o  
v f i  * * R  p!!J: a 

gaZ3 r o a  2 4 '  
az82!B 

E: l a  4 b a 5  5;< % "  
TE $2' 

m I 

& - . B E :  
r ~ r n  o 2 
G r a d +  
8 *g 4 -9 
& " a d $  
3,s4. cd A 
o r m o 4  2 ;%2s  
cd o b o r  

^ c d k g g  cc 
0 9 n  r a  
" O O P )  

H I  
!3 s 2  
0)  g a  O 

rn 
O @q; 
R o o a  
(44 * 
h m o g  
0 4  @.I4  
C A &  a 8'4s 
rrvl Q,r cd k 

ro as+;, 

;$; 
?*% gs 
' m s  m e  

a ) n r n  
dI=l m 0 

8'4 a) 

R?Ld a ~ r l $  

m m  * a  
ol.8 
0a)ka)  y e a  a ta 

2 e s  
$6 a) ." 

8 8  l 
h 0) 02J 0 

z4gp 
3 $ . 4 ~  
..a g 
861.  
.dbokP 

0) 

5: & 
0 0 0  
r G 

8- 

350, a rna 
cd s 

4 a i ,  
ti "3 
$3  g 
*rl P 

%!%h 8 'a 

o%; 

?+, ., e 3 
G 8:"  

P 03 a = 0 4  

e.3 a 
A S  E$ 

3.: = 4; 
m o G  

a) a) 0 0 
a*r(%rc 
4333 * 5 
a a W C  
.rl 03 
mot4 

8 
P ) " . r ( n  
.d&r-J & 

$ 8 ~ 3  ., 8 S . j  
o a a  

R 
d 3  

8% " I= +>.: " 
d,a o or: 
d -rl 4 

8 f z  
" %  Z 
Acd 0 
P gE-' 

'8 aa 
4 Ld L 

$ 5 3  0)  *P 

w m c d  

3% 8 
3 2  
f j q 
$ 4  g, 

$2 i i  
$ .! 3 
o b o z  

3 & 
.rl o k 
k C  0 
3% m 

a) 8 m.r (  
r a 

M o  7 
32% 
f z.5 
* r e  
a rd o 
i55: 





Some of the equations which comprise the model 
are shown in this slide. A s  shown the equations 
pertain t o  an axially directed acoustic cavity 
in  the injector face. 
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Frequently, a simple, well-defined acoustic resonator of 
e i ther  the Helmholtz o r  quarterwave type is not pract ical  
in an engine because of hardware o r  spa t i a l  limitations, 
The hardware characteristics often suggest resonator 
configurations which do not clearly f i t  inot  e i ther  cate- 
gory. Further, frequently neither of these resonator 
types represents the  optimum configuration in terms of 
maximwn damping and/or bandwidth attainable within a 
specified volume. Consequently, some work has been done 
t o  extend the range of resonator configurations which can 
be described analytically. Further, some experimental 
work has been done and more is planned t o  characterize 
these unconventional resonator configurations, Some of 
the  configurations under consideration are  shown in  t h i s  
sl ide,  

Acoustic impedance expressions have been developed f o r  
each of these configurations by employing the same approach 
used f o r  the s lo t .  The intermediate resonator is  so 
termed because it is  intermediate between a Helmholtz 
resonator and a quarteruave resonator, 'he intermediate, 
'%"-shaped Helmholtz and quarter-wave resonators can a l l  
be considered special  cases of the generalized resonators. 





Analysis of the intermediate resonator leads to an 
interesting and important result: a quarterwave 
resonator occupies a minimum volume relative to i n t e ~  
mediate or Helmholtz resonators with the same resonant 
frequency. This result is shown in the s u e  for 
several resonator configurations . 





Full scale s tabi l i ty  rating tes t s  have been made t o  evaluate the 
effects of several cavity-related parameters on s tabi l i ty  and, 
conversely, t o  evaluate the influence of other parameters on 
stabilization with acoustic cavities. Four different series of 
t es t s  were performed; these encanpassed 125 hot firings. 

The f h s t  series of t es t s  (Phase I - Full Scale Test Series) 
was made t o  measure the influence of cavity (1) width, (2) ax ia l  
position and (3) multiplicity on engine dynamic stability. The 
second series (Off-Nominal Test Series) was made t o  measure the 
influence of engine operating conditions, i.e., mixture rat io 
and chamber pressure on cavity stabilization. 'he third t e s t  
series (Film Cooling Test series) was made t o  measure the influ- 
ence of film coolant flow rate on cavity stabilization. Finally, 
the fourth series of t e s t s  (Unconventional Cavity Test Series) 
was made t o  evaluate the effectiveness ( a b a t y  t o  pronote 
stabil i ty)  of unconventional acoustic cavities. I n  addition, 
detailed cavity temperature measureanent8 nere made on all tests.  



FULL SCALE T 

PHASE I - DEVELOP DESIGN CR1TERI.A 

SLOT W l  DTH EFFECT 

AXIAL POSITION EFFECT 

MULTIPLE SLOTS 

PHASE II - UNCONVENTIONAL CAVITY TESTING 

EVALUATE EFFECT1 VENESS OF UNCONVENTIONAL CAVlT l  ES 

PHASE I l I - OFF NOMINAL AND F ILM COOLING TESTS 

SENSITIVITY OF C A V l N  STABILIZATION TO VAf' i lATlONS 
I N  PC AND MIXTURE RATIO 

EFFECTS OF VARIATIONS IN F ILM COOLANT ON CAVITY 
STAR1 LIZATION 



The hardware used for  these t es t s  was similar t o  the.LM-Ascent 
engine but with an unbaffled indeckor being used. However, the 
feed systems were not similar, The injector is the same as 
that  used previously for  the LM cavity testing and includes 2l.4 
unlike doublet (pairs) elements and 30 equally spaced, axially 
directed, film coolant orifices, The injector was designed for  

, naninal operation with N20 /50% N2H4 - 50% UDMH propellants at  
a mixture ra t io  of 1.60 an h a chamber pressure of I22 psia. 
The injector is shown i n  this slide, 





The thruat chamber used for  these t es t s  was uncooled and designed 
t o  accammodate replaceable rings which contained the acoustic 
cavities t o  be tested, Ihe chamber is shown in this slide, The 
chamber dimensions are equivalent t o  those of the ascent engine, 
i .e, ,  7.79 inch diameter, contraction ra t io  of 2,90 and L* = 37.6 
inches, S t a b U t y  rating waa accomplished by disturbing the 
combustion process with 6.5 grain (BDX) bambs, with two bomb 
being used for  each hot firing. 

Detailed measurements of tBmperatures within the acoustic cavity 
were made with tungsten/tungaten-rhenium thermocouples located 
at several depth positions in  the cavity. 



FULL SCALE T::,JST C H i I  IISR 

THRUST CHAMBER 

AXIAL CAVITY RING 

RADIAL CAVITY RING 
( NOT SHOWN 1 

// 
PHOTOCONS - 



Stabil i ty results from the f i r s t  full-scale t e s t  series are 
shown in the completed t e s t  matrix shown in th i s  slide, 'hose 
t e s t s  were a.l.3. made a t  n 1 operating conditions; the 
chamber pressure was 122.5 psia with a standard deviation of 
0,97 ps i  and the mixture rat io was 1.608 with a standard de- 
viation 0.013. 

The effectiveness of the cavities is evident from the large 
number of stable configurations obtained. Each configuration 
denoted as stable caused the engine t o  recover from two bcmb 
disturbances during each hot firing, or  a t  least slx distur- 
bances fo r  each configuration, Further, it is clear that  
cavity stabil lmtion is not high3y sensitive t o  axial position 
of tho cavity and the multiple cavities can be used, 



COMPLETED TEST MATRIX FOR PHASE I FULL SCALE FIRINGS 

WIDTH EFFECT 

AXIAL  POSITION 

*NO Bone s i  STURBANGES FOR EACH F IR ING 
**EXCEPT FOR ZERO POSiTION, AXIAL P O S I T I O N  REFERS TO 

DISTANCE OF SLOT M I D - W I D T H  FROM INJECTOR FACE 





OFF-NOMINAL FULL-SCALE T E S T  S E R I E S  

COMPLETED TEST MATRIC 

F I L M - C O O L I N G  FULL-SCALE T E S T  S E R I E S  

UNCONVENTIONAL-CAVITY FULL-SCALE T E S T  S E R I E S  

* TWO PLANNED BOMES FOR EACH FIRING; 
HOWEVER, T H E  SECOND BOMB WAS NOT 
F I R E D  I F  T H E  F I R S T  I N I T I A T E D  A N  
l N S T A B l L 9 T Y  

* * M . S  . = MARG I N A L L Y  STABLE 



This s l ide  shows a graphical summary of the s t ab i l i ty  resul ts  from 
the  full-scale cavity t e s t s  a t  naminal operating conditions. It is 
clear  tha t  a relat ively large region of stable operation, in t e r n  
of cavity depth and width, d s t s  fo r  t h i s  engine but the boundaries 
of tha t  region have not yet been defined, except f o r  the smaller 
cavity width. It is l ike ly  t h a t  separate plots should he made fo r  
each axial position rather than combined as shown here. The indicated 
s i z e  of this stable region suggests the  ab i l i ty  t o  s tabi l ize  more 
unstable engines than the one tested, which was, nonetheless, quite 
unstable without the cavity. 

Also shown on t h i s  plot  a re  predicted curves of constant damping 
coefficient. The curves were calculated framthe radial  s l o t  model 
with an assumed average cavity temperature of 900 F, The curves agree 
quite  well  with the measured results,  but t h i s  average cavity t anpep  
ature is sanewhat lower than measured. 
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I 
THE EFFECTIVENESS AND UTILITY OF ACOUSTIC CAVITIES FOR SUPPRESSING i 
ACOUSTIC MODES OF COMBUSTI ON INSTAB l L  ITY HAS BEEN CLEARLY DEMONSTRATED I 

C-' 

0 

CAVITY STABILIZATION I S  NOT HIGHLY SENSITIVE TO VARIATIONS I N  ENGINE 
OPERATING CONDITIONS OR F I L M  COOLANT FLOWRATE 

THE AB I L ITY TO USE UNCONVENTIONAL CAV IT l ES HAS BEEN DEMONSTRATED 1 1 

i 
A LARGELY SAT1 SFACTORY ANALYTICAL MODEL FOR CAVITY DES I GN HAS BEEN DEVELOPED i 

I 
i 

A SOUND TECHNOLOGICAL BAS I S  FOR CAVITY DES IGN HAS BEEN DEVELOPED I 
[ 
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of circular or i f ice  unlike-impinging-stream patterns, is dictated by consideration of the propellant 

momentum and diameter ra t io  required to  maximize mixing. Almostwithout exception, unequal sizes result. 

Although this condition may produce the best mixing, it is highly probably that  atomization is impaired 
- 

(the fan shape is also influenced). 

Many of these disadvantages can be overcome ut i l iz ing noncircular or i f ice  shapes. For instance, tolerance 

control relaxation can be exercised on rectangular orifices on the small side (which is more difficult 

to control) because flow variation is l e s s  sensitive to th i s  single dimension. I n  addition, the use of 

noncircular or i f  ices certainly lends itself to the possibili ty of equalizing contact dimension (impinge- 

ment of a square on the smaller side of a rectangle, for  instance). 

To assess the possible advantages of noncircular orifices, an applied research program was conducted 

containing analysis, design, and experiment t o  determine whether o r  not raoncircular orifices can pro- 

vide greater f lexib i l i ty  and/or a significant improvement i n  injector designs as opposed to the 

conventional circular orifices. 

There is an apparent dichotomy which has developed in present day technology. On the one hand, there is  

an increasing aemand f o r  excellence, while on the other hand, there is a demand f o r  lower costs. This 

is especially true of the technology associated with the aerospace industry. It is becoming more and 

more obvious that yesterdays techniques and approaches to research and developnent efforts are not suited 

to the accomplishment of both these primary objectives. 



I n  t h i s  psogsm, the 0bJectist.e t o  e d u a t e  md ehwacterize n w  md different  mcket e ~ h e  in jec tor  

elmen-ts  t o  bmdern the Eomdation of inJecLor desim,  The requirerrteaks f o r  these n m  e l a e n k s  Inelude 

such considerations as d t r a - h i g h  performance, reduced f;zbrication cos"c, md inerewed cfeslw f l ex ib i l i t y ,  

If the or ig ina l  delrelopmenl lee-hlque of cut and try with fuLl-sc&e Zlarhse were selected Lo meet t h i s  

objective, the  time and money expenditures required,would prove t o  be intolerable. 

A t  Rocketdyne, a new and advanced approach t o  rocket engine injector  characterization has been developed. 

The major objectives of t h i s  new approach a re  t o  reduce overal l  costs and t o  provide, at the  same time, 

greater  ins ight  in to  the actual  mechanisms which a f fec t  in jec tor  performance. Rather than attempting 

t o  analyze a complete injectos  on a hot f i r e  basis, study is in i t i a t ed  with single injector  elements on 

w 
o a cold flow basis using non-reactive propellant simulants. Furthemore, the overal l  performance l imit ing 
a 
0' 

processes associated with combustion i n  a rocket chamber are grouped i n t o  two major classes: (1) mZxing 

processes, and (2) atomization processes. 

These processes a re  investigated independently with cold flw modeling techniques which have been develop- 

ed f o r  each. Mixing character is t ics  are defined by the d i rec t  measurement of mass and mixture r a t i o  

d i s t r ibu t ion  prof i les  employing appropriate propellant simulants. These data axe used t o  compute a mix- 

ing uniformity parameter, %, and also T) @mix 
, which is obtained by combustion model analysis of the  

mass and mixture r a t i o  prof i le  data. The atomization process is  investigated with the molten wax tech- 

nique wherein molten wax is injected through the element and the frozen par t ic les  collected t o  determine 



the mass median droplet diameter as well as the drop s i ze  distribution about the median size. A vapro- 

ization ra te  limited combustion model is employed t o  estimate the contribution of the vaporization 

process t o  the overall  performance i n  the form of the vaporization limited C* efficiency q The 
+vap 

two independent limited performance estimates are then combined t o  estimate the  overall  efficiency 

through the f i r s t  order approximation of t h e i r  product, 
bpred = T) c + . ~ ~  x ? flvap* This method pro- 

1 

duces design and analysis information pertaining t o  the performance of many different elements and modi- 

f ications of these elements at a cost f a r  less than tha t  incurred i n  hot f ir ing.  

Following single element cold flow anaJ-ysis, the  usual program plan includes single element hot f i r i n g  

studies of those elements and t h e i r  various configurations which were shown t o  be of in te res t  by the 
c., 

0 
P cold f l o w  tes ts .  Single element hot f i r e  tests provide additional information about the mixing and 
4 

i atomization mechanisms a t  a cost which is also substantially below f'ull scale injector firings. 

The f i n a l  s tep  i n  the research investigation is usuaJ3.y the design of a f u l l  scale  o r  multi-element 

injector,* design having been dictated by the information obtained i n  the single element cold flar 

and hot f i r e  program. The fill scale  injector  design dictated by t h i s  approach is usually quite close 

to the  f i n a l  configuration and w i l l  not require costly major redesign. The overall  cost of the develop- 

ment program is well below that of the =-d try sppsoach w i t h  the &ded &vanwe  that detaed 

infomation is avdlable concerning the mle sf  operating and design vmibbes  i n  the perfs 



the injector, I n  o4;her words, %he injector dll. be hi@ performing and -I;he inves"cgatom w i U  knw ww 
it is  and w i l l  be able Lo extend the i r  knwbergge LQ the design of related bwdwse wlLh6u.l; me necessity 

s f  slar&ing f mrn scrsLt;ch, 

Information pertaining to chamber compatibility is also made available i n  the resul ts  of a program which 

contains single element cold flow studies. The mass and mixture r a t i o  prof i les  o f f e r  a d i rec t  picture 

of the  f l o w  f i e ld  which can be expected from a given element. Superposition of these pictures and the  

geometsy of the chamber wall yields an estimate of the interaction of zones of known temperature and the  

w a l l  surface. Without cold flow results ,  infomation of t h i s  nature must be obtained through d i rec t  

hot f i r e  testing. 

The v d i d i t y  of t h i s  overall  approach has been documented i n  the past by many programs. Two such programs 

of par t icular  in te res t  are  the space storable propellant injector  study, NAS3-12051, and the gas augmented 

injector  study, NAS3-12001. In these programs, excellent agreement was obtained between hot f i r e  t e s t  

resu l t s  and cold flow estimates of these results. 



The overall  program was divided in to  two phases as shown on the accompanying page: Phase I, analyt ical  and 

experimental study of noncircular o r i f ices  and elements, liquid/liquid propellants, and Phase 11, analytical  

and experimental study of noncircular o r i f ices  and elements, gas/liquid propellants 

PHASE I 

The first s tep i n  the liquid/liquid study of Phase I was the investigation of the hydraulic character is t ics  

of single, noncircular orifices. To reduce the number of candidates t o  a reasonable value, a preliminary 

analysis and evaluation of o r i f i ce  shapes was conducted, Several noncircular o r i f i ce  shapes were selected 

f o r  cold flow testing. Cold flow t e s t s  were performed on these or i f ices  dong  with a circular  o r i f i ce  as 

a standard f o r  comparison, Based upon the cold flow results ,  rectangular and tr iangulas or i f ices  were 

selected fo r  study, dong  with c i rcular  or i f ices ,  i n  the context of unlike doublet in jector  elements, 

The single element study consisted of both cold flow and hot f i r e  evaluation. The mixing and atomization 

characterist ics of the unlike doublets were determined through the u t i l i za t ion  of spec id ized  cold flow 

techniques. The elements were subsequently hot f i r ed  and the performance characterist ics of the various 

elements were compared on the basis o f  both cold flow and hot f i r e  resul ts ,  

Unbike-bub%eL. elmends d L h  nancircu$m orifices appeared -to provide sign2ficm.t rPlldvrnL~lges %n the area 

of liquid/ll;bquid prapeUmt mixbg, 



E $1 

orifices e"sr $;s/liquid app1ica%ions. A eonventfonaE, circula~ eoncentric tube b3ecWr elaent weis casri& 

throughout the study as a reference f o r  performance. uation of the prel  ary a n d p i s  lead t o  the 

selection of a noncircular (rectangular) concentric tube element fo r  f'urther study, Two concentric tube 

elements, one circular and one noncircular, were fabricated. The mixing uniformity and atomization char- 

ac ter i s t ics  of these elements were determined employing special, two-phase cold flaw techniques, The cold 

f l o w  data were employed to predict C* efficiencies for  the two elements. Canparison of the elements was 

based upon these predicted performance values, 

The noncircular concentric tube element produced significantly higher predicted combustion efficiencies 

than the circular element, 
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Preliminary Analysis and Evaluation 

The a v e r d l  program was in i t ia ted  with a preliminary analysis and evauation of or i f ice  shapes. This was 

employed as a means of reducing the number of candidate or i f ice  shapes to a reasonable value pr ior  to cold 

flow characterization studies. Existing experimental data and analytical techniques were employed in  the 

preliminary analysis t o  estimate the or i f ice  coefficients, CD, of the various shapes along with the effects 

of manifold cross velocity, back greSSUre,APJ and t o t a l  flowrate on CD and f ree  j e t  s tabi l i ty .  An attempt 

was also made i n  the preliminary analysis t o  define correlating parameters and techniques f o r  evalwtion 

of the cold flow data which was t o  be taken, 

The various or i f ice  shapes were campared on the basis of the results of the preliminary analysis and a 

preliminary evaluation of the shapes was conducted. Six or i f ice  shapes were selected on the basis of the i r  

performance in the preliminary evaluation t o  undergo cold flaw analysis along with the standard, circular 

o r i f i ce  shape, The shapes which were selected are shown on the chart opposite, 





Fsnsrwing the pseIbhar31. m a p i s  md ev&uFltisr%, sold flm models sf  each of  a e  orifice shpes  selec&d 

(see pre.visw p ~ e )  were desiwed %irld fabricated; aJ.1 ~a the %me cmss-secLiond sea, Severd mi f i ce  

ions were fabricated for each shape L /  = 2 4 6 and X)). 

The significant results of the or i f ice  cold flaw studies are summarized on the facing chart. Each o r i f i ce  

was tested over a range of t o t a l  flow ra te ,hp , .ba~kpresS~re ,  and length. Itrwas discovered that the re- 

sults of these various experiments, expressed in terms of the or i f ice  coefficient, CI), could be correlated 

w i t h  standard techniques available from circular or i f ice  technology if  the hydraulic diameter was employed 

as the characCeristic length t o  describe a given shape and i f  a proper description of the initial boundary 

layer development w i t h i n  the or i f ice  was employed. The curve shown was generated from the correlations 

which were developed. The or i f ice  coefficient is shown as a function of the shape factor  (diameter of 

a circle/hydraulic diameter of a noncircular shape having the same cmss-sectiona3 area), The ranking of 

the various shapes which were tested is  also shown. It can be seen tha t  the or i f ice  coefficient is not 

e strong function of or i f ice  shape, 



SUMMARY OF ORIFICE COEFFICIENT RESULTS 

A = 0.00286 IN. 
Re = 20,000 CIRCLE 

RECTANGLE AR = 2 

SHAPE FACTOR D~~~~~ 

D H ~ ~ ~ ~  



Based upon an evaluat ion of t he  r e s u l t s  of t h e  single orifice cold Plow studies, Lhe t r i a n g l e  and t h e  

rec tangle  mre se lec ted  as t h e  candidate shapes for P W h e r  e v a l w t i o n  i n  a s i n g l e  inJec?.%isr elemen% sold. 

flow study. The unlike-doublet element ty-pe was selected fo r  these studies due t o  its re la t ive  

simplicity. Several doublet elements were designed and fabricated which incorporated the or i f ice  

shapes which had been selected. These various patterns a re  shown schematically on the facing chart. 

An unlike-doublet with c i rcular  o r i f ices  was a l so  fabricated t o  provide a standard of comparison f o r  

element. performance. ( ~ a c h  configuration is given a l e t t e r  f o r  reference purposes.) 

These elements were designed specif ical ly  f o r  application with the NTO/50-50 propellant combination 

based upon optimization c r i t e r i a  which were available a t  the  time f o r  c i rcu la r  or i f ices .  





Mixing m l b P ~ m I % y  tes t s  *re conducted d % h  rr onati-tube collection m"r;rix ewlsying trhclna?osm"&kylene 

and srsstes as oxidizer and f u e l  simulanls sespe%ively,  "Il?ae elemen% sprw PieEd ms directed 8% the  

tube matrix. 'Phe mass collected and the m%xture rat io  in  each tube *re recorded, These data =re 

interpreted i n  terms of E, according t o  the formulation shown, 

Mixing uniformity was correlated i n  tsnns of a momentum rat io  parameter, N. 



DEFINITIONS 

WHERE 

Em = M I  X I N G  UN l FORMlTY PARAMETER 

. . 
wi/wT = MASS FRACTION I N  THE STREAM TUBE 

R = R A T I O  OF TOTAL O X I D I Z E R  MASS TO TOTAL O X I D I Z E R  AND FUEL MASS 

' i = R A T I O  OF O X I D I Z E R  MASS TO TOTAL O X I D I Z E R  AND FUEL MASS I N  AN 
l ND l V I DUAL STREAM TUBE <FOR r i < R 

- 
'i = R A T I O  OF O X I D I Z E R  MASS TO TOTAL O X l D l Z E R  AND FUEL MASS I N  A N  

I N D I V I D U A L  STREAM TUBE FOR r i  > R 

WHERE 
N = MOMENTUM R A T I O  PARAMETER 

Mf/M, = FUEL-TO-OX I D  I ZER MOMENTUM RAT I 0  

Do/Df = O X I D I Z E R - T O - F U E L  O R l F I C E  HYDRAULIC  DIAMETER R A T I O  

&, - 4 X AREA/PERIMETER = HYDRAULIC  D I A M E T E R  
0 ,  f 



S$@%ficant resul ts  of  the mixing ua%fsmiQ tteste am presented on the Pacing page wherein % Pe ehom 

as a function of N, The elenienl configurntione represented =re %he highest perfsming elements from 

each element group. Mixing resu l t s  f o r  a spray fan element which was tested a re  a l so  shown, This element 
- 

was composed of two unlike impinging nozzle or i f ices  which produced pre-atomized spray fans. It may be 

noted t h a t  the  noncircular elements optimize a t  the  same value of N a t  which the  optimum value fo r  the  

c i rcu la r  element is located, The l eve l  of mixing Is s ignif icant ly  higher f o r  the  noncircular elements. 



MIXING UNIFORMITY RESULTS FOR UNLIKE DOUBLET ELEMENTS 
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Mass f l ux  distribution plots for  the circular, rectangdar, and triangular elements are presented on 

the accompanying chart for contparison (configurations A, D, and F). The circular element produces 

a "kidney" shaped pattern due t o  the unequal facing diameters of the orifices.  The rectangular and 

triangular elements produce rather straight patterns, as their respective facing dimensions are 

equal (see preceding summary of  designs). 
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Single element hot f i r e  ilnJeetors =re fabricated %or each sf the o;plLraurn n o n ~ l r ~ U J b ~ r  ~nlikk3"-d~~bIet 

patterns and for  the eireu9as or i f ice  gat tam. Configmtstisne A, D, 'and P and a eprrnJP fluo tmlike- 

doublet wem fabricated. 

Hot f i r e  t e s t s  were conducted with these elements with the NT0/50-50 propellant combination, Unfortunately, 

"blowapart" occurred f o r  the  unlike doublet j e t  type elements and no comparison could be made between 

c i rcu la r  and noncircular o r i f ices  based upon hot f i r e .  However, resu l t s  predicted from cold flow show 

the noncircular o r i f ices  have superior mixing capabil i t ies.  

The spray fan element, however, was not subject t o  "blowapart". As a result ,  the  hot f i r e  resu l t s  from 

t h i s  element agreed quite well with the  r e su l t s  which were predicted, A comparison between 

the spray fan element actual  and predicted overall  CY efficiency i s  s h m  on opposite page. The f a c t  

t h a t  these data do correlate well with cold flow re su l t s  substantiates the use of cold flow data 

t o  compare the re la t ive  performance of the  various impinging jet elements f o r  which hot f i r e  correlations 

could not be obtained. 



COMPARISON OF PREDICTED AND ACTUAL C*  
EFFICIENCY FOR THE SELF-ATOMIZING NOZZLE 



The Phase I1 e f f o r t  was in i t i a t ed  with a preliminary analysis and evaluation of candidate element 

types f o r  appltcation with the gaseous hydrogen/liquid oxygen propellent combination. The analysis 

and evaluation guidelines were dictated by the  design requirements f o r  a conceptual Orbit Maneuvering 

System (OMS) Engine f o r  the  Space Shut t le  System. These guidelines a r e  summerized i n  tabular form 

on the opposite page. 



ENVISIONED OPERATIONAL CHARACTERISTICS OF THE 
ORBIT MANEUVERING SYSTEM ENGINE 

@ PROPELLANTS 

@ THRUST 

LOXIGH2 

8000 LBF 

CHAMBER PRESSURE 800 PSIA  

@ MIXTURE RATIO 

EXPANSION RATIO 200: 1 



'6be inJecGos elemen% %mes seabeeked far ranaweis ( incaqora t ing  noneircu$ar srifieets) are sham qposl te  

along with a standard, circlr3brrr eoneeralria tube in3ectcs~ elemen% ~ i c h  was selected as a skmdara for 

eo~aPirasn ., 

Existing experimental data and analyt ical  techniques were employed t o  se lec t  design configurations of 

each element shown opposite f o r  t he  condition8 l i s t e d  i n  preceding Table, The design study was 

l imited t o  the  200 lbf th rus t  per element level.  Both mixing and atomization (expressed i n  terms of 

E, and 5 respectively) character is t ics  were estimated f o r  the verious elements. 

A preliminary eva lua t im of element types Was conducted based upon the  result8 of the preliminary 

analysis. The evaluation resu l t s  suggested tha t  the  noncircular ( i n  t h i s  case, rectangular) concentric 

tube element might possess the  greatest  potent ia l  f o r  providing superior mixing and atomization 

character is t ics  f o r  gas/liquids applications , This element, was, theref ore, selected f o r  experimental 

evaluation along with the c i rcu la r  concentric tube element f o r  comparison. 



CANDIDATE ELEMENT CONCEPTS FOR GAS/LIOUID APPLICATIONS 

@ SHADED AREAS 
l ND l CATE 
L I Q U I D  
INJECTION 
OR I Fl  CES 

T R I  PLET SELF- 
UNL IKE  DOUBLET 
GAS SHOWERHEAD 

CONCENTRI C TUBE 

UNLIKE DOUBLET 
CONCENTRIC 

SHOWERHEAD 



Cold Plow model elements xere desimed and fabrfbcaked f o r  boLh %he circular  and noncircdar  concentric 

tube configurations. The cold flow model designs were not the same as those obtained i n  the preliminary 

analysis. The models were changed t o  f a c i l i t a t e  cold flow t e s t i ng  i n  exist ing f a c i l i t i e s .  The gas veloci t ies  
I 

were somewhat lower i n  the  model hardware, (i.e., lower than the veloci t ies  estimated i n  the  preliminary 

analysis). The model hardware is  shown i n  the  photographs. The respective f u e l  and oxidizer areas 

of the  two elements were made equal t o  allow f o r  equal inject ion veloci t ies  a t  equivalent operating 

conditions. The length-to-width ra t io ,  or  aspect ra t io ,  of the  rectangular element oxidizer o r i f i ce  

was equal t o  6:1. 





Mking uniformity tests  cortducted with a special two-phase impact probe designed to distinguis1.1 
liquid and gas species flow ra tes  a t  a given point in a two-phase flow field. The data obtained 
were reduced by the same method a s  that described in the Phase P section of this report. 

Results of the mixing unifarmity experimental study a r e  presented on the facing page in te rms 
of the mixing unformity parameter,  Em, and total element flow rate ,  GT. Results a r e  presented 
for  both the circular  and the noncircular concentric tube elements for liquid-to-gas weight flow 
ra te  mixture ratios of 3:l and 6:l. Data f rom the noncircular element were  obtained with the 
oxidizer center post tip flush with the injector face. Data f r o m  the circular element were 
obtained with both flush and recessed centerpost (the recessed  configuration employed a r ecess  
of one liquid orifice diameter, R / D L = ~ ) .  

In general, the mixing levels of the two elements were similar,  with the noncircular element 
being much l e s s  sensitive to total element flow rate. Mixing levels were  higher a t  m b t u r e  
rat ia  3:l than a t  mixture rat io  6:l for both elements for fixed values of fuel injection velocity. 
The smaller flowrates, for  which the circular element shows a potential mixing advantage, a r e  
too low for practical applications due to the low injection velocities produced. 

The flow patterns produced by the two elements showed that the characteristics of the two were  
quite different, even a t  equivalent values of Em. The circular  element was typified by a n  
oxidizer-rich core  on the centerline cf the element while the noncircular element was typified 
by a fuel-rich core on the centerline. These resul ts  suggested that the aspect  ratio of 6:l 
selected for  the noncircular element was too l a rge  and the liquid species, being spread very 
thin, was aspirated too rapidly f rom the center to the outside of the flow field. This implies 
that a n  optimum aspect  ra t io  may exist  which i s  l e s s  than 6:l. 





ALorakzaGion e ~ e r i r n e n t s  mre eoradue%ed d % h  Gheae elements i n  t h e  same mnner as t h a t  described f o r  

mase f: with t h e  except%on o f  t h e  f u e l  sioalrlajnL &deh wars hot  gaseous nitsasf;jen i n  this case, Resu l t s  
- 

of these t e s t s  are  shown on accompanying page where mass median droplet diameter, D, i s  shown as  a 

function of a modeling parameter AV/MR (gas velocity minus l iquid velocity divided by mixtureb r a t i o ) .  

Both the  f lush and recessed centerpost* data Include r e su l t s  obtained a t  mixture r a t i o s  of 3:l and 

6:1. It is evident from the plots t h a t  t he  noncircular element produced droplets which were 

s ignif icant ly  smaller than those produced by the c i rcular  element in both the  fluah and recessed 

configurations. 

*Recess depth f o r  t h e  noncircular element was equal t o  the  smaller dimension on the oxidizer 
or i f ice ,  be 



COMPARISON OF CIRCULAR AND NONCIRCULAR CONCENTRIC 
TUBE MASS MEDIAN DROPLET~SIZES 
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A performance analysis was conducted t o  estimate the overall  CY eff ic iencies  which could be expected 
i 

from the  two elements based 3pon t h e i r  individual contributions t o  mixing and atomization processes. i 

: 
Mixing and vaporization r a t e  limited combustion models were employed i n  t h i s  analysis. i 

A chamber pressure of 200 psia  was selected a t  which t o  model the  performance character is t ics  of the  

two elements due t o  the  f ac t  t h a t  the  density of gaseous hydrogen a t  t h i s  pressure is  equal t o  the  

density of the  gaseous nitrogen a t  ambient pressure which was employed as  a fue l  simulant. Perfonnt t 
i 

ance was predicted over a range of mixture r a t i o  and chamber length f o r  the two elements. Results 1 
i 

of these analyses a re  shown wherein the difference between the predicted performance f o r  the  

noncircular and ci rcular  concentric tube elements i s  shown a s  a function of mixture r a t i o  and chamber length. i 
The r e su l t s  suggest t ha t  the  noncircular element possesses d i s t inc t  advantages a t  a l l  conditions 

evaluated and t h a t  its greatest  potent ia l  l i e s  i n  applications t o  higher mixture r a t i o  and shorter 
- 

chamber conf igurations . 
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The noncircular or if ice program is continuing with a proposed Phase I11 and Phase IV effort. The additional 

e f for t  w i l l  be devoted t o  the development and characterZsation of injector elem&s for  application with 

the UIX/GH~ propellant combination. hro element types w i l l  be considered: the rectangular concentric 

tube element and the one other candidate which is t o  be selected early i n  the Phase I11 effort. Phase 

I11 w i l l  be directed toward developing optimization design c r i t e r i a  fo r  the elemento based upon cold 

flow experimental results.  Hot-fire experimentation w i l l  be undertaken i n  Phase IV with both single , 
! 

and multi-element hardware. The results of the program wi l l  be employed t o  design candidate noncircular 

elements f o r  the various engines fo r  the Space Shuttle System. 



CONCLUDING RJMARKS 

In  t h e  overa l l  view, f o r  l iqu id / l iqu id  applicat ions the  r e s u l t s  show t h a t  the  se lec t ion  on noncircular 

o r  c i r c u l a r  o r i f i c e  designs would be based s o l e l y  on the  spec i f i c  application. For instance, i f  mixing were 

t h e  primary consideration, then noncircular in jec to r s  would be selected.  In  addition, f o r  some propellant  

combinations such as  FU)X/CH~, non-circular unlike-doublet i n j e c t o r  elements can be designed with reason- 

able  o r i f i c e  dimensions, while c i r c u l a r  element designs would be unrea l i s t i c .  This d i f f i c u l t y  f o r  

c i r c u l a r  o r i f i c e  designs can be overcome by u t i l i z i n g  a four-on-one pat tern,  r a the r  than t h e  unlike- 

- doublet. This, however, c a r r i e s  a penalty i n  design complexity and impairs the  a b i l i t y  t o  pack a l a rge  
0 
CX, 
w number of elements i n t o  the  cross-sect ional  a rea  of the  given in jec to r .  Clearly, t h e  a v a i l a b i l i t y  of 

noncirculas element designs provides t h e  designer with an extended capabi l i ty  and with more f l e x i b i l i t y  

i n  h i s  se lec t ion  of element types. 

For the  speci f ied  designs considered, t h e  following conclusions can be made: 

1. Orif i c e  flow and spray cha rac te r i s t i c s  axe predictable f o r  noncircular o r i f  i ces  using techniques 

i d e n t i c a l  t o  those used f o r  c i rcu la r  o r i f i c e s ,  
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conslueion was reached Prom exmiraatisn of t h e  msrs and mi&- ra-L;hca dir;lribu*b;$on data *zbc'br show clearly 

t h a t  the maldislribuliora evinced tbgr t h e  nancircuPar element w s  characterized by relatiprel;y high cllmsmts 

of the l iqu id  species i n  the outer zones. m i e  suggests tha t  the ingeeled gas phase mmentm was so  

effect ively transferred through shear along the  large gas/liquid contact periphery tha t  the  l iquid phase 

was aspirated t o  a high degree and thrown t o  the  outside of the flow f ie ld .  On the other hand, the  l iqu id  

phase remained near the  center of the  flow f i e l d  f o r  the c i rcular  concentric tube element with approximately 

'the same l eve l  of gas species momentum, This high mixture r a t i o  core is principally *sponeible 

f o r  the incomplete mixing of these elements. It appears t ha t  a e  l iqu id  was actually spread out somewhat 

too  f a r  with a rectangular concentric tube o r i f i ce  aspect r a t i o  of 6:1, i n  other word8 the problem of 

l iqu id  "coring" was apparently over-corrected, It is thus probable t h a t  the  dis t r ibut ion of l iquid t h r o u -  

out the  gas flow f i e ld  could be made highly uniform with the proper selection of the  aspect r a t i o  f o r  

the  noncircular element. This "optimum" aspect r a t i o  would be expected t o  f a l l  between 6:1 and 1:l. 

The selection of aspect r a t i o  mu ld  have t o  be based on an optimization study which would include 

consideration of both mixing and atomization effects. 

Aside from the performance aspects, the  variable aspect r a t i o  feature of the  nonctrcular concentric tube 

element a l so  provides a powerful new design capabil i ty for  t a i lo r ing  the  character of the  flow d is t r ibu t ion  

pat tern produced by the elements. !Phis feature  should be quite valuable from the standpoint of enhancing 

i n  jector/chamber compatibility and controll ing chamber heat flu. 






